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Infrared spectra of the gaseous, hydrogen-bonded 


molecule formed from dimethyl ether and hydrogen chlor- 


ide, (CH,),0---HC1, and its isotopic modifications 
(CH,),0---DCl, (CD,) ,O---HC1 and (CD) ,0---DC1, have been 
studied in detail between 33 and 4000 cm, The hydrogen 


bond stretching mode is assigned between 110 and 120 anne 


for (CH,),0---HC1, (CH) ,O---DC1l and (CD) ,0---HCl. The 
two O---HCl deformation modes yield a broad, complex ab- 
sorption centered at 470 a re is interpreted in terms 
of sum and difference transitions involving the HCl wag- 
ging modes, which are deduced to be at 50 Sipe The 
O---DCl deformation modes yield a band centered at 360 
cm, Bands at 790 em > and 600 cm * in the spectra of 
(CH,) ,O---HC1 and (CD,) ,0---DCl are assigned to the over- 
tones of the deformation modes. Many of the ethereal 


modes of (CH O---HCl and (CD) ,O---HC1 are assigned be- 


3)2 
tween 800 and 1500 cm +. The shape of the band assigned 
to the symmetric C-O stretching mode of (CH) ,O---HC1 
does not resemble band shapes calculated for this absorp- 
tion using two possible geometries of the molecule and 
does not, therefore, indicate which geometry is correct. 
The effect of sample temperature on the shape of the band 
due to the HCl stretching mode indicates that the funda- 


mental transition is at 2490 sae NOL ae. ey 4 ear as 


previously postulated. The band due to the DCl stretching 
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mode of (CH,) ,O---DC1 Neceemit Levent. snape COstLnat. or 
(CD,),0---DCl. The differences are attributed to com- 
bination transitions involving the ethereal modes. It is 
suggested that combination transitions involving the DCl 
or HCl stretching modes and the DCl or HCl wagging modes 
cause shoulders 50 cm + away from the peak due to the 
DCl stretching mode and contribute to the general dif- 
fuseness of the band due to the HCl stretching mode. The 
relative intensities of all of the bands due to (CH,) ,0--- 
HCl are presented. 

Infrared and Raman spectra of ethylene sulphide-h 
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and ethylene sulphide-d, and infrared spectra of cis and 


4 
trans 1,2-dideuterioethylene sulphide have been recorded 
in this laboratory by D. A. Othen and are assigned in 
this work. Thirty-six frequencies from these spectra are 
assigned to fundamental vibrations and these frequencies 
are used in normal coordinate calculations. A force 
field containing sixteen force constants reproduces the 
thirty-six observed frequencies with an average error of 
0.41%. The calculated frequencies allow many of the unas- 
signed experimental frequencies to be assigned. The 
normal modes of each isotopic molecule are described in 
terms of the intramolecular displacements determined from 
the eigenvectors and potential energy distributions. Most 
Of the methylenic modes of the dideuterated molecules 


cannot be described simply. The A, methylenic rock is 
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calculated to be of a higher frequency than the A, methylenic 
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twist for both ethylene sulphide-h, and ethylene sulphide-d,. 
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This thesis deals with the vibrational spectra of 
two unrelated molecular systems. In the first three 
chapters, the infrared spectra of several isotopic forms 
of the hydrogen-bonded molecule dimethyl ether---hydrogen 
chloride are presented and discussed. In Chapter 4, the 
pore vibrations of four isotopic forms of ethylene 


sulphide are analyzed. 
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CHAPTER 1 
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dea General Introduction 

The first three chapters of this thesis deal with 
the infrared spectra of the gas-phase, hydrogen-bonded 
molecules formed between dimethyl ether-h;¢ and hydrogen 
chloride [(CH,),0---HCl], dimethyl ether-h_ and deuter- 
ium chloride [(CH,),0---DCl], dimethyl ether=c and 
hydrogen chloride [(CD,),0---HC1], and dimethyl ether-d,_ 
and deuterium chloride [(CD,),0---Dcl]. PHeseceien 2 
a general discussion of the phenomenon of hydrogen bond- 
ing is presented. The normal modes of vibration of hyd- 
rogen-bonded molecules are defined and described in 
Section 1.3 and the current theories of intensity enhance- 
ment and broadening of the infrared absorption bands of 
these molecules are reviewed in Sections 1.4 and 1.5, 
respectively. The previous studies of the infrared 
spectra of the dimethyl ether-hydrogen chloride system 
and related hydrogen-bonded systems in the gas phase are 
reviewed in Section 1.6. The aims of the present study 


are presented in Section 1.7. 


Lhe Hydrogen Bonding 


Since the concept of hydrogen bonding was first 
definitively introduced by Latimer and Rodebush (1) in 
1920, thousands of articles have appeared in the lit- 


erature to illustrate the broad occurrence of this 
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phenomenon. In addition to its well known role in deter- 
mining the properties and structures of many biologically 
important compounds, hydrogen bonding has been shown to 
be of great importance in most other fields of chemistry. 
Despite the vast number of studies of hydrogen-bonded sys- 
tems, the theoretical understanding of peo on bonding 
is still only semi-quantitative in nature. Much of the 
knowledge of hydrogen-bonded systems has been reviewed in 
texts by Pimentel and McClellan (2), Vinogradov and 
Linnell, (3))and Hamilton and dbers.(4)4)fAiso, sthetbookeby 
HadZi and Thompson (5) and the review of the spectroscopic 
manifestations of hydrogen bonding by Murthy and Rao (6) 
are particularly useful in relation to the work presented 
in this thesis. 

A hydrogen bond is said to exist when a hydrogen 
atom is bound simultaneously to two or more atoms (2). 
In this thesis the term ‘hydrogen bond' refers to the 
weaker of the two bonds in the triatomic system A-H----B, 
and is the H----B bond. The energy of a hydrogen bond 
usually lies between 3 ava 10 kcal/mole, with the average 
energy about 7 kcal/mole. These energies are intermediate 
between the energy of a normal covalent bond and those of 
the less specific van der Waalis' interactions. The A-H 
bond in the A-H----B system is considered to be a normal 
covalent bond, although somewhat weaker than it would be 


in the absence of hydrogen bonding. A-H is the proton 
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donor functional group and B is the proton acceptor atom 
or site of a molecule. Usually A is an electronegative 
elomesucheaseO mn NichrSs0Cl tekoynandée paigencral by wan 
atom or ion with one or more lone pairs of electrons, 
such as F, N, 0, Cl, Cl” etc. 

When a hydrogen bond is formed, it is found that, 
if A and B are atoms, the A---B and H---B distances are 
usually shorter than the sum of the van der Waals' 
madi Ii n€/)esof ithe 5A vand ¢B tatoms yand ithe sicand’ Ss atons;, 
respectively. In X-ray and neutron diffraction studies 
these observations are used as criteria for the presence 
of hydrogen bonding. The A---B distances found by these 
studies have been used in theoretical calculations of 
the energy of the hydrogen bond (8). However, a complete 
and rigorous quantum mechanical model which can predict 
this energy does not exist at present, since the approx- 
imations which must be used in the calculation limit the 
accuracy to the same order of magnitude as the energy 
itself. Qualitatively, it is believed (9) that the energy 
of the hydrogen bond arises principally from four distinct 
interactions. Firstly, electrostatic interactions, 
predominantly Coulombic in nature, arise from attraction 
between the positive charge on the H atom and the negative 
charge-+on B«.+sSecondly,- the: approach sof «thesA-H group 
towards B causes distortions in the negative charge dis- 


tributions on A-H and B and leads to delocalization 
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effects.~inewhich.part,of the.charge.of B.resides. at, A, or 
Hest hirdiv7s the motion, of the electrons. in) A-Haand_ B 
gives rise to a dispersion interaction between a fluctu- 
ating dipole in A-H and the fluctuating dipole that it 
induces in B. Finally, a repulsive interaction results 
from the overlap of the electron charge clouds of the 

A, HH and..B. atoms. 

When A-H and B are portions of the same molecule, 
the interaction A-H---B is termed intramolecular hydro- 
gen bonding. An example of this type of interaction is 
Ehate which can occur in ofrtho-halophenols:(10),. ~Since 
intramolecular hydrogen bonds affect mainly the electronic 
stuctures, on. the proton.danor, and acceptor groups, the 
physical behaviour of systems with these types of hydro- 
gen bonds is close to that of normal, i:on-hydrogen-bond- 
ed substances. When A-H and B are located in two separ- 
ate molecules, the interaction is termed intermolecular 
hydrogen bonding. This thesis deals with intermolecular 
hydrogen bonding and specifically with that which occurs 
between the hydrogen atom of a hydrogen chloride molecule 
and one of the lone pairs of electrons on the oxygen atom 
of a dimethyl ether molecule. Since these types of 
hydrogen bonds change the number, mass, shape and 
electronic structure of the interacting molecules, 
studies of the physical properties of an intermolecular 


hydrogen-bonded system often yield information about 
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these interactions. Non-spectroscopic methods (11,12) 
include studies of melting and boiling points, dielectric 
constants and dipole moments, viscosity, vapour pressure 
and molar volumes. Unfortunately, changes in these 
physical properties can also occur as a result of less 
specific interactions and, therefore, non-spectroscopic 
studies cannot provide unambiguous proof of hydrogen 
bonding. Spectroscopic techniques, however, are capable 
of providing evidence relating the involvement of a 
specific hydrogen atom and specific acceptor group in 
the formation of a weak bond. The most widely used 
techniques are infrared and Raman spectroscopy (13,14), 
nuclear magnetic resonance (15) and X-ray and neutron 
diffraction (16). Perhaps the most spectacular spectro- 
scopic manifestation of hydrogen bonding occurs in the 
vibrational spectra of hydrogen-bonded molecules and, as 
a result, infrared and Raman studies provide the most 
commonly used criteria for the presence of hydrogen 


bonding. 


Le The Infrared Spectra of Hydrogen-Bonded Molecules 
In general, two effects of hydrogen bonding are 
observed in the infrared spectrum of a hydrogen-bonded 
molecule: 1) the frequencies, shapes and intensities of 
absorption) bands thatyarespresent: ini thesespectrumeoftythe 


hydrogen-bonded molecule and in the spectra of the non- 
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bonded proton donor and acceptor molecules are different 
in the two cases; 2) new bands appear in the spectrum of 
the hydrogen-bonded molecule as a result of the loss of 
rotational and translational degrees of freedom of the 
component molecules. It is particularly useful to con- 
Sider the six vibrations which occur in the A-H---B part 
of a hydrogen-bonded molecule (13). Figure 1 displays 
these vibrations where B is treated as a point mass and 
the proton donor is considered to be a bent, triatomic 
molecule, R-A-H. Each vibrational mode is denoted by 
the appropriately subscripted letter v (13), and may be 
described as shown in Figure 1, where the plane is that 
formed by the two bonds to atom A. 

Of these modes, the A-H stretching mode, Weer has 
received most attention since it usually absorbs between 
2500 and 3500 cm, a region which is easily accessible 
to study. As far back as 1932 Freymann (17) observed 
that in the spectra of alcohols there are two regions of 
absorption by the O-H stretching mode, one due to the 
monomer at about 3700 cm + and one due to associated 
molecules at about 3400 om 7+. Since then it has been 
shown that the A-H stretching mode in a hydrogen-bonded 
molecule is always lower in frequency than the corres-— 
ponding mode in the absence of hydrogen bonding. Murthy 
and Rao (6) give an extensive list of these frequency 


shifts for a large number of hydrogen-bonded molecules. 
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FIGURES I." “The” six vibrational modes involvang the A, H 


and B atoms of the non-linear, hydrogen-bonded molecule, 
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There are cases in which a decrease in the A-H stretching 
frequency, Av., indicates the presence of a hydrogen bond, 
although the A---B distance is greater than the sum of the 
van der Waals" radii of the A and B atoms. For example, 
Holzbecher, Knop and Falk (18) have shown that the V5 
absorption for the more weakly bound of the two hydroxyl 
groups in solid Na, [Fe (CN) ,NO] .2H,0 7S about. 100 oa be- 
low that expected for a non-hydrogen-bonded hydroxyl group, 
even though the nearest neighbour to the oxygen atom is a 
nitrogen atom 3.63 A away. The sum of the van der Waals' 
Latilin LOG OxVvoen and onitrogens1s 2.9 A C7). and thus 3263 
A is well outside the range predicted for the O---N dis- 
tance when an O-H---N hydrogen bond is formed. Thus, the 
change in the A-H stretching frequency, Aver clearly pro- 
vides a very sensitive probe for detecting hydrogen bonding. 
The decrease in frequency of the A-H stretching 
vibration when a hydrogen bond is formed must be brought 
AvDOULyucte LeaSt ein pact, byeaerecuetion of the A-Hestretchn— 
ing force constant, caused by a redistribution of electron 
density of scene A=H bond (19)... ‘Thus Av. must reflect many 
of the properties of the hydrogen bond. The most important 
correlation is the relationship between Av, and AH, the 
energy of the hydrogen bond. Such a relationship was first 
proposed by Badger and Bauer in 1937 (20) and an approximate, 
linear relationship between Av, and AH has been established 


by Drago et al.(21,22) for molecules containing hydroxyl 
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groups. The negative slope of the straight line corres- 
ponds to a decrease in the O-H stretching frequency by 
about 60 em + for each kcal/mole. Unfortunately, a simple 
relationship has not been established to cover all A-H---B 
systems, because the slope of the AV. vis AH line depends 
upon the nature of the interacting molecules (13). Also, 
correlations between Av. and .other properties of the hydro- 
gen-bonded system, such as the A---B or H---B distance, or 
the base strength, depend largely upon the nature of the 
component molecules and only qualitative conclusions can 
usually be drawn from them (13). 

In addition to decreasing the ve frequency, the form- 
ation of a hydrogen bond also causes an extreme increase in 
the breadth of the bands associated with this mode. The 
intensity of the We fundamental absorption is also increased, 
usually by an order of magnitude (23), although the first 
overtone of ye is usually less intense than in the absence 
of hydrogen bonding (24). These phenomena are unique to 
hydrogen-bonded systems and are observed for gases, liquids, 
solutions and solids. However, the increases in the breadth 
and intensity of the ve absorption upon hydrogen bond form- 
ation are not well understood, and few correlations between 
these phenomena and properties of the hydrogen bond have 
been made. Because they are important in the interpretation 
of the spectrum of (CH) .0---HC1, the theories of intensity 


enhancement and band-broadening in hydrogen-bonded systems 


roo . 
: wey i | ae | ' 
sii cane | ee me 
G==-H~A' ‘Lis dice iaecboiaie re 
ebnogah Sckt Wi ge vA ens to sate. aa ete beer 
OEM 16D) eeluvelent prison red oda Yo ssuret ait AON 
-otfyd att fo caltteghdg wdie bas vi asgwied sactaslerze 7 
to (eotetelb UW vo 6---A wit! an ' Make tet eye BetnOgHee | 
#04 %o oauten od nda voeadt, Dusgeh ements “daad ene 
re aaoreiiones avitnst sep vine ine aslunsion JepsogMas 
LE) godt mote meet sd hia 
mrt ae nwipet? yas bitidsanceh of “ole biba at 


nl oatioxont emaidhe me aun pals Brod nepsabgs @ Fo apse 
ce abo afdd doiw bersivugar atakd aft 20 mbeewd on? 
,boesetons amis af Rol tqgtoaie ludstematvau? —y ait ya ianodal 
snvtt Gat Gueodsis .(€¢) obiatavem to isso os a Gllapes 
amends ont ails sanosni suet yiincern wi nM Le sretyveve 
od supimy 236 cHomorcidy weetT .(t%) aribnod neeotiyd to « 
jRblopsl \eaabe 102 Hovivads, ot. bed anmedaye be Srod=tagethysl 
senders ad? ME aeasproan!h sit ,TevewoH abies ine anoksefos - 

wid? baed J8povhyt near Mots send .y and to \otianeuad ina. 
deeitsd encttetoyion wea Bra ,Soedadslun rev tor aie eekts” (7 7 
comet nad en ge ytigh aay a aeidvadoaq tex ap.noneita awaits” Oy 

| senses olla ad Gennes wis yet? euvecea chem aaed P 
-opvingiand tw ashawaltd its Shree Cp) » ‘Yo mutieas St Be _ 
ambsuye bunodsnapoatiys eae Sai a. : 


- : : 


_ 
Ps 


Gs 


dre Leviewed iivoections 1.4 ana 125, respectively. 

In A-D---B systems ve is found to absorb at a lower 
frequency than the corresponding mode in the non-associated 
deuterium donor molecule, and the ratio of the frequency 
shies in A-H---B to that in A-D---B usually lies between 1.3 
and 1.4. Although the intensity enhancement of the es 
fundamental absorption in A-D---B systems is usually as 
large as that in A-H---B systems, the increased breadth 
of the absorption is usually less pronounced for the 
deuterium bond (25). 

The in-plane and out-of-plane A-H---B deformation 
modes, Vv, and es respectively, are modes in’ which the 
hydrogen atom is displaced in directions perpendicular to 
the direction of the hydrogen bond. Unless the proton 
donating molecule is diatomic, Vy is present in the 
absence of hydrogen bonding as the in-plane R-A-H deform- 
ation mode. If the donor molecule contains more than 
three atoms, wey is also present in the absence of hydrogen 
bonding as a torsional mode. When the proton donating 
molecule is diatomic, both De and VE can be considered as 
new vibrational modes arising from the loss of two rota-- 
tional degrees of freedom of the donor and acceptor mole- 
cules: This special case is discussed in Section 1.6 for 
the hydrogen halides hydrogen bonded to ethers and 


fe 
both present in the absence of hydrogen bonding, the hydro- 


nitriles. In the most general case, when Vp and Vv, are 
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gen bond acts as a constraint to these vibrations and thus 
their force constants are increased, causing them to shift 
to higher frequencies. For example, it is known (26) that 
in unassociated alcohols Yb and Ses absorb between 1200 and 
1300 cm * and at about 225 em +, respectively, while in 
hydrogen-bonded alcohols they absorb between 1330 and 1410 
emu and at about 650 em +; respectively. Usually, the 
infrared absorption bands due to Yn and ue do not show any 
major intensity change when a hydrogen bond is formed but 
they do become somewhat broader (26,27). 

Few successful correlations between the shifts in 
Vy OF Vy with properties of the hydrogen bond have been 
made, althouch it has been shown that the absolute values 
of these shifts, as well as Aves become larger as the 
strength of the hydrogen bond is increased (27,28). A 
Mayjyorvarleiculty in correlating the shifts of re and ioe 
with properties of the hydrogen bond is that they often 
occur in the same spectral regions as many other transi- 
tions and cannot be definitively assigned, sometimes be- 
cause they are coupled with some other vibrational mode. 
Since Yb and Vv, are modes which involve the motion of 
the hydrogen atom to a large degree, they shift in fre- 
quency by a factor of about 0.7 when a deuterium atom is 
Ssubstitutea forthe hydrogen atom in A~H-=-B, “anda study 


of the deuterium shift often leads to a definitive assign- 


ment. In cases where Vy and ve mix with other modes, 
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however, a vibrational analysis is needed to assign them 
(297%) 

The last three modes shown in Figure 1 arise from 
the loss of three translational degrees of freedom of the 
interacting molecules. The Ve mode involves motion of 
the interacting molecules against each other along the 
hydrogen bond and the Gee and “ee modes involve wagging 
motions of one molecule about the other, in directions 
perpendicular to the direction of the hydrogen bond. Be- 
cause the hydrogen bond is very weak relative to normal 
covalent bonds, the force constants for ve and the Ve 
modes are very small and, thus, these modes absorb at 
low frequencies, usually below 2600 om ?, This region also 
contains absorption by skeletal and torsional modes (30) 
which often complicate the assignment of ve and Ve- 


However, numerous studies have been made in which Vie has 


been unequivocally assigned, usually in the region between 


100 and 4200 Cees (31). The few studies in which Ve modes 
have been successfully assigned indicate that these modes 
absorb weakly below 100 eras For example, Carlson, 


Witkowski and Fateley (32) assign a Ve mode at 68 cm + in 
formiccacidndimer sand -at 50 em7+ in acetic acid dimer. 

Due to the lack of experimental data on the Ve modes 
no correlation has been made between their frequencies 


and properties of the hydrogen bond. However, it has 


been established that the frequency of the Ves mode depends 
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upon the strength of the hydrogen bond in a similar manner 
to the magnitude of the shift of the A-H stretching fre- 
quency, Avs: rorexample; Brasch “et al (33) have shown 
that in two different solid forms of phenol, the frequency 
of vy was higher in the form which had the larger Av . and, 
presumably, the stronger hydrogen bond. 

No significant shift is observed in the frequency 
of Or Ve When a deuterium atom is substituted for the 
hydrogen-bonded hydrogen atom (31). This arises from the 
fact that these modes involve the motion of whole mole- 
cules against each other and the substitution of one 
deuterium atom for a hydrogen atom causes little change 
in the vibrating masses. 

In addition to the characteristic absorption by the 
Six modes shown in Figure 1, the infrared spectra of 
hydrogen-bonded molecules show that the absorption by the 
other vibrational modes present in both the proton donor 
and acceptor molecules is influenced by the presence of 
the hydrogen bond. In particular, the frequencies of ab- 
sorption of the modes involving the atoms participating 
directly in the hydrogen bond are shifted relative to their 
positions in the spectra of the non-associated molecules. 
This shift may be negative, as is found for the C=0 
stretching frequency of several carbonyl acceptor mole- 
cules (34)5 Or positive, as 1S found) for the skeletal 


VibLatrons Of the pyridine-ethanolysystem (35). / The 
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vibrational modes which do not involve atoms participating 
directly in the hydrogen bond show smaller shifts. No 
large changes in the intensities and widths of the bands 
due to these modes are generally observed when a hydrogen 


bond is formed. 


1.4 ‘Theories of Intensity Enhancement 


In general, the intensity of an infrared absorption 
band is proportional to the square of the dipole moment 
£Lunction, wu, which can be expanded as, a power series in 


the normal coordinates, Quis of the molecule (36): 
u ee > eae Eagan 
See 


where Uy is the permanent dipole moment of the molecule. 
Only the first two, terms on the right hand side of equa- 
tion [1] are considered in the approximation of electrical 
harmonicity while the second and higher order derivatives 
are referred to as the electrical anharmonicity. 

It.has been stated (23) that the large increase in 
intensity of the ve fundamental absorption and decrease 
im intensity of the first overtone arises from an increase 
in the absolute value of du/9Q., and a decrease in the 
absolute value of 9°u/9.”, where Oe isthe normal coordin= 
ate of the oS vibration. However, the intensity of the 


overtone is also dependent upon the mechanical anharmon- 
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icity (37) and this explanation can only be acceptable if 
the mechanical anharmonicity is small. Sandorfy et ale tse, 
39) have shown that, in a number of hydrogen-bonded alco- 
nols;, the mechanical anharmonicity is large and, therefore, 
should also contribute toythe intensity Gf the overtone. 
Calculations (40) have shown that, if mechanical anharmon- 
erly is taken into account, Ba elarae: increageyan du/dQ is, 
by itself, sufficient to increase the intensity of the 
fundamental and to lower that of the overtone. 

Huggins and Pimentel (41) have suggested that pol- 
arization of the lone pairs of electrons on the acceptor 
atom, B, accounts for the intensity increase of the ve fun- 
damental. Figure 2(a) shows that in an unperturbed 
A-H---B molecule, a dipole, uae is induced in the lone 
pairs of electrons on B by the highly polar A-H bond and 
that this induced dipole has the same direction as the A-H 
dipole, un, During the ve vibration, as shown in Figure 
Ze, uy vibrates in phase with Vag and CONLLIbucesean ad— 


ditional component to the overall change of dipole moment, 


) 


du/9Q.° The lack of an intensity increase of the v, (or a 


absorption upon formation of a hydrogen bond can also be 
explained using this model; since during the Me Vibration, 
ac stown ti Paogure 2(c), the wnduced dipole Vibtates exacl— 
ly out-of-phase with the vibration of Mane Thus dH /90) 


is opposite in sign to OU / 9Q) + and du/ IQ) is not in- 
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EICURE 2. (a) The induced dipole, Mas and the A-H 
dipole, Uns ofan unperturbed A-H-—-B molecule, 
(b) Directions of the changes in dipole moments 
during the we Vinration OL an vA-H=—-—-—s molecule: 

(c) Directions of the changes in dipole moments 


during the a Vibration Gr an SA=H===Bymolecute. 
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creased. This is obviously an oversimplified picture but 
it does provide a useful model to qualitatively explain 
the intensity behaviours of the se and v, modes. 
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(Brie Theories of Band Broadening 


It is generally believed that at least one of the 
following two mechanisms plays a major role in determining 


the breadth of the Ve band of a hydrogen-bonded molecule: 


pe) Interactions between ue and the low frequency vib- 


rations which involve the hydrogen bond, Ye and v give 


RB! 
rise to a series of combination bands and hot bands (42), 
which distribute the intensity of Vv, over a large fre- 


quency range. 


[2] Overtone or summation bands of fundamentals other 
than Pe which are close in frequency to Vv, are intensified 


through Fermi resonance (37) with yee 


Neither of these mechanisms is dependent upon the physical 
state of the system but, while broad ve absorptions are 
observed in the spectra of hydrogen-bonded molecules in all 
physical states, the bands are usually broader in the 
spectra of Jiquids, and concentrated solutions, (43). This 
additional broadening has been explained (43) by postulat- 


ing the existence of a variety of hydrogen-bonded species, 
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each with a unique oe frequency and corresponding absorption 

band which may be broadened through mechanisms 1 or 2. 
Mechanisms 1 and 2 can only be operational if 

the potential energy surface for the hydrogen-bonded mole- 

cule is anharmonic in nature (44). The presence of anharm- 

Onicity is in itself a broadening mechanism, since it 

causes the frequency of a given vibrational mode, Vas to be 

dependent on the degree of excitation of other vibrational 


modes, ose wv) etc. Consequently a band of frequencies 


et 
results from each vibrational degree of freedom instead 

of the single, discrete frequency predicted for a harmonic 
oscillation (37). In addition, the presence of anharmon- 
icity allows bands due to combinations of vibrations to 
appear in the spectrum. These bands are denoted by ea if 
they are due to the overtone of the Oe vibrational mode 
and by ries: Be OR a if they are due to summation 
or difference transitions, respectively. A summation band, 


ei + ive arises trom the Simultaneous €xcitation of one 
quantum of the ae vibrational mode and n quanta of the - 
vibrational mode. A difference band, ve - Uae arises 
from the transition from a state in which n quanta of the Me 
vibration have been excited, to a state which is one 
quantum of UG above the ground state. 

Mechanism 1 results from the anharmonic force field 


of a hydrogen-bonded molecule, which allows coupling between 


the A-H stretching mode, LEY. and the hydrogen bond stretching 
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mode, Ue (45). This coupling was described classically 
by the ‘fluctuation’ theory of Badger and Bauer (20), which 
is based on the observation that the A-H frequency de- 


creases as the A---B distance, decreases on hydrogen 


"ABE 
bond formation. The theory considers that the range of 


ValueSs{(o£ xX which must exist due to the thermal vibra- 


AB’ 
tions of the relatively weak hydrogen bond, leads to a 
range of ve frequencies. This should give rise to a broad 
absorption band for ee with the high frequency portion of 
the band arising from 08 vibrations occurring at larger- 


than-average values of r and the low frequency portion 


AB 
of the band arising from VE VUDLaLIONS wmeecunrisiagv at ‘shomntrer— 
than-average CAB values. For an isolated A-H---B system, 
however, the change in the aa distance occurs rhythmically 
with the frequency of the ve Vibration Thin eiiect, the ve 
vibration is frequency modulated by the Ys vibration and 
this idea allowed Batuev (46,47) to extend the fluctuation 
theory to become the frequency modulation theory, still 
framed in classical mechanics. Batuev showed that the 
broad band which results should consist of a series of 
sub-bands with frequencies Mee a NV ys where n is integral. 
Since these bands must 'borrow' intensity from the funda- 
mental ve band, the total intensity is then spread out 

over a wide frequency range. 


The quantum mechanical treatment of the anharmonic 


coupling between va and va also leads’ to the result that 
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transitions of the type ee + NV yr where n is integral should 
be observed. In the absence of special conditions, the in- 
tensities of the transitions are expected to decrease in 

the order vee + Vee a 2V G0 ee is mae rryr es , and ue 2 
nv , is expected to be more intense than Oe aly by the 
Boltzmann factor, exp (-nhcev,/kT) . 

A quantum mechanical treatment of the interaction bet- 
ween ee and ue was first discussed by Stepanov (48) and 
later modified by Sheppard (45). It is necessary to out- 
line its main features in some detail, because it leads to 
the possibility that the normal intensity distribution pre- 
sented above may not apply. Stepanov argued that, because 
a. is usually about ten times lower in frequency than ey 
separate potential energy curves can be drawn for ve in the 
ie = 0 and Vie = i vibrationalY’states. This separation is 
analogous to the separation of electronic and nuclear 
motion in the quantum mechanical treatment of molecules 
(49). The energy levels of Vs can then be drawn on these 
curves for each state of Vy as shown in Figure 3 for an 
A-H---B molecule. At large A---B distances, no hydrogen 
bond is present and the curves are separated by the vibra- 
tional energy of the non-hydrogen-bonded A-H stretching 
mode, v,,, (free). The separation of the curves close to 
their minima is approximately equal to the vibrational 
energy of Oe in tile snydrogen—bondéd "nclecule se sinus, che 


curve for the ve = ] state has a deeper minimum than that 
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ing vibrations, respectively, and the curves 

drawn on the energy levels are the squares of 


the wavefunctions. 
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for the Nia =O “state. ‘Sheppard (45) has argued that since 
the hydrogen atom moves on the average closer to the center 
of the bond when We = 1, the hydrogen bond is stronger when 
bee! = 1 than when vg = 0 and the potential energy minimum 
occurs at a shorter A---B distance when Nhe = 1, as shown 

in Figure 3. Because the A---B motion during the we vibra- 
tion is, classically, so much slower than the A-H motion 
during Vegi Stepanov argued that the transitions from ae = 0 
Lo ve = 1 occur at constant A---B distance and, therefore, 
the more probable transitions occur at A---B distances 
which are more probably occupied in the various we levels. 
The probability of occupancy of each ve level, vthatvas 

the square of the wave function (50), is sketched in 

Figure 3 and the most probable transitions are believed to 
originate and terminate at the maxima in these probability 
curves. This effect may be referred to as the vibrational 
Franck=Condon @(51)>sefhtect, cand sitemanifests sEselé Gin the 
case depicted in Figure 3 by allowing the summation band, 
vo+y ivi a= Oc el, Ve = 0 + 1], to be more intense than 


Ss Oo Ss 


the fundamental band, ve es =O e) ie Ve = 0-> 0]. These 


arguments, therefore, predict that combination bands of 
the type We 2s nv, may appear in the spectrum with an un- 
UustialWinlensitysdistnibutiony Biheywalsoupredret sthavmnot 


bandsi® £rom transitions eof ethestype ve oF nv § ~ nV ys ve + 


(ntl)v, HIN. SOL Ve + nv, = (ntl)v, (42), may appear in 


therspectrum with unusually high intensities. | bue Ctomthe 
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mechanical anharmonicity, these hot transitions can absorb 
at frequencies significantly different from those of their 
corresponding ground state transitions and, thus, they can 
contribute to the general background of the ee band and, 
in some cases, lead to a diffuse band structure. However, 
hot transitions can contribute to a large degree only if 
the temperature is high enough to produce a large popula- 
eLOns INV tne: excited Me states when Vg = 0, and at very low 
temperatures the band should be resolved into features 
separated by about the frequency of vr 

Perhaps the best proof to date that combination bands 
involving we and ee and other low-lying vibrational modes, 
along with the hot bands associated with these transitions, 
can be responsible for the broad, diffuse band seen for 
some hydrogen-bonded systems is given by the studies by 
Evanseand’ Lo (52753) ,0f othe di bromiderion, BrHBr . This 
ion has two stretching modes, a symmetric mode which is 
analogous to ies and an asymmetric mode which is analogous 
to ie An extremely broad, diffuse band between 500 and 


. fie therspectraloL epg ishe | este temperatures greater 


1300 cm 
than 100°K has been assigned to the asymmetric stretch. 

In spectra of BrHBr | atiabout)20°K this bandiis? resolved 
into well defined peaks which may be identified as bands 


of thes type a + nvi, as well as sum bands involving we 


and a lattice mode. The difference bands were not present 
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in the spectra of BrHBr at 20°K but were evident in spectra 
OEPerubr’ se l00°r. 
The importance of interactions between ve and the 


hydrogen-bond wagging modes, wv has been pointed out by 


B’ 
Thomas and coworkers (54,55), who have provided convincing 
evidence that hot bands of the hydrogen halide stretching 

Vvrpraction “in CH,CN---HC1 and CH,CN---HF from excited states 


of Ve contribute significantly to the breadth of the obser- 
ved band. 

Mechanism 2 isthe only other mechanism of band broad- 
ening which has received widespread attention. Ina poly- 
atomic molecule, if two vibrational levels belonging to two 
different vibrations or combinations of vibrations are 
nearly degenerate and are of the same symmetry, a pertur- 
bation of these levels can result from a resonance inter- 
action (37). Thus, the two energy levels are split, causing 
the frequency of one vibration to be higher than expected 
and the frequency of the other to be lower than expected. 
In addition, the intensities of the bands due to transi- 
tions to these energy levels are mixed. Thus the intensity 
of an overtone or combination band, which is usually much 
weaker than that of a fundamental band, can appear to be 
much greater than expected. In other words, it is possible 
for the weaker band to borrow intensity from the stronger 
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the absence of an interaction. In the cases where the in- 
teraction occurs through anharmonic terms in the potential 
energy function, as must be the case if a combination level 
interacts with a fundamental level, this effect is known as 
Fermi resonance, and is well documented (37) in the spectra 
of non-hydrogen-bonded molecules. Bratoz, HadZi and 
Sheppard (56) pointed out that interactions between ve and 
overtone or combination transitions which absorb close to a 
Colldmaccounte Ons toe. broad ue band in the spectra of 
hydrogen-bonded molecules. In particular, these authors 
were able to assign much of the complicated structure on 
the broad Vg band observed in many carboxylic acid dimers 
(56) to summation transitions which involve vibrations of 
the COOH groups, and which are enhanced in intensity by 
Fermiy resonance with the O-H stretching Vibration. In 
addition, Haurie and Novak (57) have shown that many of 

the features on the Me band of acetic acid dimer can be 
assigned to summation transitions which involve vibrations 
in the aliphatic part of the acid and which are enhanced 

in intensity by Fermi resonance with ee Clearly, Lhus, 

if the hydrogen-bonded molecule is large and many combin- 
ation transitions have frequencies which are close to ret 
this mechanism of band broadening can be very important. 

Lt sis also clear that, since the enhancement of antensity 
of overtone or combination bands occurs to a greater degree 


as the frequency difference between these bands and we 
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becomes smaller, these bands can be intensified over a 
larger range of frequencies if ie is not a single band 
but is instead a progression of bands of the type Ve = nv, 
Thus mechanism 2 becomes a more powerful broadening 
mechanism when considered in conjunction with mechanism 1. 
Witkowski (58) and Marechal ettal (S9562)) have ahad 
Significant success in attempting to account for the 
comp lexqspeetra) (56) of the carboxylicvacid dimers with 
out invoking Fermi resonance. While details of their 
theory are not completely clear, they consider the anhar- 
monic coupling between v5 and we and the interaction 
between the two hydrogen bonds in the molecule. Because of 
the interaction between the two hydrogen bonds in each 
dimer, the transitions that they calculate cannot be all 
clearly related to those in a simple sum and difference 
band series of the type ve ue NV ys although all ‘of ‘their 
transitions are of this type. The only system that they 
treat that does not contain the complications of two in- 
parser as hydrogen bonds is that of the N-H---N bond in 
Solid “imidazole (59). In this case their calculated 
transitions are simply those expected from the most ele- 
mentary considerations of sum and difference bands of the 
type we iB nV ye that is, an equi-spaced series of bands with 
relative intensities in the order een a eet BE 2V, > 
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+ nv ing more intense than v_ - nv b 
is + oN and Ve 5 be g e e 4 


the Boltzmann factor for the level NV, Thus the details 
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of their apparent success in explaining the spectra of the 


carboxylic acid dimers are obscure at present. 


1.6 Infrared Spectra of Gaseous Hydrogen-Bonded Molecules 


In order to develop the vibrational theory of hydro- 
gen-bonded molecules, more vibrational data on isolated 
A-H---B systems are highly desirable. These data are best 
obtained through infrared studies of gaseous systems con- 
taining one hydrogen bond per molecule. Unfortunately, 
the number of systems which can be successfully studied 
in the gas phase is limited since a Significant partial 
pressure of the hydrogen-bonded molecule is needed to 
obtain a good spectrum. The formation of a hydrogen- 


bonded molecule is controlled by the equilibrium 


ASH iB) 6 8 ae =-5 


and relatively few systems have sufficiently large equil- 
ibrium constants to produce enough of the hydrogen-bonded 
mo voct lets 1hewcaLboxy.1C acrid smarew perhaps tiemeasiesur to 
study inthe gas ‘phase since, e€venvat room temperature, 
the majority of the molecules exist as hydrogen-bonded 
aimers¥(63)e>° Unfortunately; “each dimer hasvaccyclic 
structure containing two hydrogen bonds and infrared 
studies of these acids do not yield direct information 


about isolated hydrogen bonds. The most extensively 
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studied gaseous molecules which contain one hydrogen bond 
are fieeeerorned between alcohols and amines (64-68), ethers 
and inorganic acids (25,68-79) and between cyanides and 
hydrogen Wialides (54,55,00,S81)—  ~Or particular interest 
are studies of hydrogen-bonded molecules in which the pro- 
ZOn donovsfare hydrogenehalides™(25,54,55, 72-81). Since 
the proton donors are diatomic in these molecules, the 
forms of the vibrations involving the hydrogen bond, shown 
in) Figures 4 tor (CH) ,0---HCl, are slightly different from 
those presented earlier in Section 1.3. In particular, 
the ee and Ve modes in (CH) ,O---HC1 would correspond to 
pure rotations of the hydrogen chloride molecule in the 
absence of a hydrogen bond. Also, the Ye modes in 

(CH) ,O---HC1 are represented as wagging motion of the 
hydrogen chloride molecule in directions perpendicular to 
the direction of the hydrogen bond. 

Arnold, Bertie and Millen (72) first reported that 
the infrared spectra of mixtures of gaseous hydrogen hal- 
ides with aliphatic ethers contained the broad association 
band which is characteristic of hydrogen-bonded molecules. 
inivparticular, the Spectravlor mixtures of hydrogen chlor-— 
ide with various ethers (73) each revealed an intense band 
which was about 400 cm + wide and had its absorption maxi- 
Mundt about 2570 cna The absorption maximum was assign- 


ed tov_, the HCl stretching mode in R,O---HCl, and two 


shoulders which were displaced by about 100 aie to either 
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FIGURE 4. The six vibrational modes involving the 
O---HCl part of the hydrogen-bonded molecule, 


(CH) ,0---Hcl. 
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side of the maximum were assigned to the sum and difference 
bands vs ss Space Broad bands observed in the spectra of 
(CH,) ,0---DC1 (25) and (CH) .O---HF (77) were also inter- 
preted in this manner. From these assignments the fre- 
quency of be was predicted to be about 100 em? wie) 

(CH,) 50---HCl and (CH,),0---DCl and about 170 om + in 

(CH,) ,0---HF. These frequencies are reasonably close to 


the observed values of 117 ae (> eer ie in (CH) ,O---HC1 


Z 


and 180 cm ~~ (79) for bs in (CH) ,O---HF. The v, and v 


b o 
modes have been reported (78) to lie at 755 and 665 ome 
paeede ))O-- Ht andfat550=and 490 om > in (CH MOS Eire 
although it is not known which mode has the higher fre- 
quency. These modes have not been observed in the spectra 
of gaseous (CH) ,O---HC1 and (CH,),0---DCl. 

At room temperature the equilibrium constant for 
formation of gaseous (CH,) ,O---HC1 is small (82-84) and 
therefore a large proportion of the component molecules 
is not hydrogen bonded. However, since the heat of 
formation of (CH) ,0---HC1 from its component molecules 
is negative, having been reported to lie between -5.6 
and -7.6 kcal/mole (75,82-84), a decrease in temperature 
of the system causes the equilibrium constant to become 
targer. Thus, bY recording Spectra” Ol gaseous Mixcures 


of dimethyl ether-h with large excesses of hydrogen 


6 


chloride at low temperatures, he Galve; "Grange and 


Lascombe (76) were able to observe the bands due to the 
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ethereal modes in (CH) ,O---HC1 between 800 and 1300 ene 


Shchepkin and Belozerskaya (74) have suggested that a band 
shape analysis of the band due to the symmetric C-O 
stretching mode in (CH,),0---HC1 leads to the conclusion 
that this molecule has Cc. symmetry (Section 3.4). 

Studies of dimethyl ether and hydrogen chloride mix- 
tures have also been made for the liquid (85) and solid 
(86,87) phases. It seems clear that a variety of hydrogen- 
bonded species in which the oxygen atom is protonated can 
exist in these phases in addition to the (CH,) ,O---HC1 
molecule. There is, however, no evidence that any species 
other than (CH,) ,0---HC1 is formed in the gas phase. 

The hydrogen-bonded molecules formed between the 
cyanides and hydrogen fluoride (55,80,81) or hydrogen 
chloride (54) give rise to Ve bands which exhibit fine 


structures separated by about 2 or 3 em > 


(54,755) which 
is in sharp contrast to the broad, diffuse bands usually 
observed for the Vs vibration in other hydrogen-bonded 


molecules. “Thomas et al (54,55) have interpreted this 


fine structure as due to hot transitions of the ve 


Vibrac1On arising £rom excited Ve states. Similar fine 
structure was observed (55,81) on the band at 585 om + 
due to the degenerate F-H---N deformation modes, Me = Ver 


in acetonitrile-hydrogen fluoride. Thomas (55) interpre- 
ted this fine structure as due to hot transitions of these 


modes arising from excited Ve levels, but Huong and Couzi 
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(81) have assigned it to the normal fine structure of a 
perpendicular band of a symmetric top (88). 

In his treatment of the anharmonic interaction 
between the A-H and hydrogen bond stretching modes, ee 
and ve Stepanov pointed out that the energy absorbed dur- 
ing the excitation of ue often exceeds the dissociation 
energy of the hydrogen-bonded molecule. If the excitation 
energy is transferred to the ue mode, it could cause the 
molecule to predissociate (89) and this could cause the 
absorption bands due to the excitation of “. to be broad. 
The fine structure separated by 2 or 3 cm? on the Ve 
bands in acetonitrile---hydrogen chloride and acetonit- 
rile---hydrogen fluoride (54,55) proves that these mole- 
cules must have lifetimes greater than about Meee 
seconds and that broadening by predissociation cannot be of 
importance in these systems. The shift of Vv, on formation 


Ob the hydrogen bond in CH [CN=—-HeL (54) is smaller than 


5) 
that when (CH) ,0---HC1 (73) is formed, and this suggests 
(13) that the hydrogen bond in (CH,) ,O---HC1 Tse the 
stronger of the two. It is, therefore, very improbable 


that predissociation causes significant broadening of the 


band due to VY in (CH) .0---HCl. 
Ss Se 


to7) Aims ot this) Work 


The initial aim of this work was to obtain the infra- 


red spectra of the gaseous, hydrogen-bonded molecules 
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(CH,) ,0---HCI, Gale. O=>-HC ly (CH) ,O---DC1 and (CD ea 


aie 3) 2 
DCl in as much detail as possibie, and, in particular, to 


locate the v v, and v, modes (Figure 4). A second aim 


by iit B 

was to study the temperature dependence of the shape of 
the ie bands in the spectra of these four molecules to 
test the proposed influence of difference bands (25,73). 
Further aims were to confirm the isotope shift of the 117 
cm + band reported by Belozerskaya and Shchepkin (75) and 
to extend the work of LeCalvé Cigale oO) cOsdecermi me attire 


shapes of the remaining bands due to modes of the ethereal 


Darc OL (CH) ,0---HC1l. 
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CHAPTER 2 
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eel Prepacation and Purifacetton OL Chenicals 


The dimethyl ether-h;¢ was obtained from Matheson, 


the dimethyl ether-d and deuterium chloride from Merck, 


6 
Sharpe and Dohme and the argon from Linde. Each gas ex- 
cept argon was dried by repeated distillations from a 
methanol-dry ice bath until no water absorption could be 
detected in the infrared spectrum of about one-half an 
atmosphere of the gas. The argon was boiled from a cold 
trap at well below -100°C and no further purification was 
found necessary. The deuterium chloride always contained 
at least 10% hydrogen chloride in spite of repeatedly 
flushing the vacuum lines and the cell with the deuterated 
acid prior to use. Both the deuterium chloride and the 
commercially available hydrogen chloride contained traces 
of carbon dioxide which could not be readily removed. Its 
presence was unimportant in the deuterium chloride but its 
infrared spectrum interfered with a region of interest in 
the spectra of hydrogen chloride-ether mixtures. For this 
reason, hydrogen chloride free from carbon dioxide was 
prepared in vacuo by the hydrolysis of phosphorous penta- 
chloride to phosphoric acid and gaseous hydrogen chloride 
(90). The reaction vessel wasa one litre triple-neck flask 


fitted with a 250 ml. vented dropping funnel in.one neck 
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and connected to a conventional glass vacuum rack. The 
dropping funnel was modified by the inclusion of a stop- 
cock on*the’venting tubés YDistitled water *was"firsttintro- 
duced into the dropping funnel and degassed by direct 
pumping through the venting tube until freezing occurred. 
The ice was then allowed to melt and the water was de- 
gassed again. The evacuated funnel was then isolated from 
the apparatus while the phosphorous pentachloride was put 
into the reaction vessel and degassed by direct pumping 
for several hours. The pump was then isolated from the 
apparatus and water was added drop-by-drop to the phosphor- 
ous pentachloride. The wet hydrogen chloride distilled in 
vacuum to a flask cooled with liquid nitrogen. The hydro- 
gen chloride was then dried by repeated distillations from 


a methanol-dry ice bath. 


Dee Vactumelines!andSthetintraredycell 


When the total gas pressure required did not exceed 
one atmosphere, the infrared cell was connected to the 
manifold of a conventional glass vacuum rack. Gas pres- 
sures were measured to + 1 Torr with the cell at room 
temperature using a mercury-filled U-tube manometer. When 
spectra of mixtures of gases were required, the cell was 
first filled to the desired pressure of one component and 
then isolated from the manifold. The manifold was evacu- 


ated to a pressure of at least ik@y = Torr and the second 
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component was then introduced into the manifold ata 
pressure slightly above the desired total pressure. The 
cell valve was then quickly opened and closed repeatedly, 
allowing the two gases to mix within the cell but mini- 
Mizing diffusion out of the cell, until the pressure vin 
the manifold stopped decreasing. The final pressure minus 
the pressure of the first component was assumed to give 
the pressure of the second component. 

When the total gas pressure did exceed one atmosphere, 
the gases were handled in the 7% inch long, 1 inch i.d. 
and 1% inch o.d. stainless steel manifold shown in Figure 
5. Matheson type 32R stainless steel gas valves were 
screwed into 5/16 inch threaded sockets in the manifold 
and served to isolate the various parts of the system. To 
ensure a vacuum-tight system, the valve threads were taped 
with Teflon and each valve was screwed tightly against a 
lead washer between the manifold and the valve. The 
standard Teflon O-rings usually used in the valves were 
replaced by lightly greased 1/4" x 3/8" Buna N rubber O- 
rings. The manifold was connected to a glass vacuum 
rack by a rubber vacuum hose and to the infrared cell by 
a 1/4 inch Mason-Renshaw Industries 'compress-o-coupling' 
O-ring connector welded to a gas valve. Two stainless 
steel test tubes welded to the gas valves served as 'cold 
fingers'. Pressures of greater than one atmosphere in 


the manifold were measured by a Marsh Mastergauge type 
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FIGURE 5. Stainless steel manifold used to 
handle gases at pressures exceeding one atmos- 


phere (not drawn to scale). 
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100 M compound gauge, capable of measuring pressures up to 
LOOS PSIG (53/0 Torr) with an accuracy, OF tes Se PolGe (26 
Torr). Pressures of less than one atmosphere in the metal 
manifold and cell were measured by the U-tube manometer in 
the glass vacuum system. All pressures weremeasured with 
the cell at room temperature. To achieve pressures of 
greater than one atmosphere, the gas of interest was first 
condensed into one of the two cold fingers of the stainless 
steel manifold. The manifold was then isolated from the 
glass system and the condensate allowed to warm up until 
the vapour pressure reached the desired level. Mixtures 
of gases were prepared in a manner analogous to that used 
when the total pressure of gas did not exceed one atmos- 
phere. The pressure of the component present in the 

least quantity was always known most accurately as it was 
measured by the U-tube manometer. 

The cell used for the infrared measurements was 
cylindrical with a one inch internal diameter and ten 
centimeter path length and is shown in Figure 6. The 
windows were held in place against greased Buna N rubber 
O-rings by circular end caps which were screwed to the 
bodvyeorethne cell. A coaxial, stainless steel) jacket per- 
mitted the cell to be cooled with a stream of cold nitro- 
gen gas. The cell was made of copper tube, with a 0.1 
inch wall thickness, for optimum heat transfer. Without 
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FIGURE 6. Cross-sectional view of the infrared gas 


cell. All parts other than the copper cell wall are 


Stainless steel. 
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tures down to -40°C could be maintained by regulating the 
flow rate of the nitrogen. The temperature of the cell 
wall was measured to + 1°C by a calibrated thermometer or 
sometimes was measured by copper-constantan thermocouples 
in contact with the cell wall. 

High density polyethylene, 1/16" thick, was used 
for windows in the range 20-400 em * and 6 mm. thick pot- 


assium chloride windows were used for the 500 - 4000 cm 


40. 


range. Six mm. thick cesium iodide windows were also used 


in the range 200-650 om * but these had to be coated with 
a whingiiim? of ;parafiin toyprevent ‘attack by hydrogen 
chloride. This film was applied by wetting the window on 
one side with a solution of paraffin wax in petroleum 
ether and allowing the ether to evaporate. These windows 
were less desirable than potassium chloride in the region 
above 650 em? because the paraffin coating sometimes 
affected the infrared transmission. The infrared cell 
and, highipressure manifold were tested for safety at, high 
pressures byetiddang both withel00 PSiG. (5870) Torn) of 
argon. No loss in pressure was noted over a period of at 


least ten hours with any of the above windows. 


213 Infrared Spectrophotometers _ 


The intraarea Spectra in the range 200-4000 one were 


recorded on a Beckman IR-12 spectrophotometer. A slit 


program was used such that the resolution was about 2 cm 
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between 650 and 4000 on and about 4 sia between 200 and 
650 em. Scanning speeds of 20 On ene beeen 200 and 


1 and 40 et eae between 2000 and 4000 sie were 


2000 cm. 
used with a pen period of 2 seconds. The instrument was 
operated under double beam conditions with the reference 
beam either empty or containing enough ether in a gas cell 
at room Cemperature to cancel the absorption due to un- 
complexed ether in the sample (Section 3.1). When water 
vapour was to be removed from the instrument it was purged 
with air which was dried using a Puregas model HR-211-112- 
9 dryer. If both water and carbon dioxide were to be re- 
moved, the instrument was purged with nitrogen gas, boiled 
from a liquid nitrogen storage dewar and warmed to room 
temperature. The infrared cell fitted into the spectro- 
photometer with the gas valve and the inlet and outlet 
tubes of the cooling jacket protruding from the sample 
compartment cover. This cover was made from two plexi- 
glass plates and masking tape, and the cracks between the 
cover and the tubes passing through it were filled with 
plasticine. This allowed the instrument purge to be main- 
tained so efficiently that no condensation on the cell 

was observed, even at -40°C. The frequencies between 200 
and 1700 cm + were measured with respect to a fiducial 
marker, programmed to produce a mark on the spectrum at 

Pals) em + intervals and calibrated against the spectrum of 


Water Vapour and the standard gases (91). The frequencies 
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between 1700 and 3000 cm” + were measured with respect to 
the rotational fine structure of the fundamental vibra- 
tional band of either hydrogen chloride or deuterium chlor- 
rde (91). 

The far infrared spectra were recorded on a Beckman 
IR-11 spectrophotometer and also by using a Beckman R.I.I.C. 
FS 720 interferometer. Both instruments were calibrated 
using the hydrogen chloride pure rotation lines (92) and 
spectra were run at about l cm + resolution. The Beckman-IR 
11 was used in the range 80-150 cm? with a scanning speed 
Of 10 on |/min. and a pen period of 8 seconds. The instru- 
ment was purged with dry nitrogen, and the cell was sealed 
into it in the same way as for the IR-12. The interfero- 
meter was fitted with a step-drive for the moving mirror 
and the standard Analogue-Digital converter plus paper tape 
output was replaced by a Hewlett-Packard model 2401C in- 
tegrating Digital Voltmeter and an IBM model 026 card punch. 
The interferograms were recorded both sides of zero path 
and the spectra were calculated using the Cooley-Tukey, 
sine plus cosine, Fourier Transform subroutine, RHARM (93), 
called by a data manipulation program written in this 
laboratory. The spectra were plotted on an off—line 
Calcomp plotter. The gas cell) used for thesanterterometer 
was identical to the one described above except that a 
metal plate was. fixed to the cell, below the gas-inlet 


valve and the ends of the cooling tubes. An O-ring seal 
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between the plate and cell compartment allowed the interfer- 


ometer to be evacuated. 


CHAPTER 3 


Rel UF tO Dane De leor ol oO ol TON 


Ss General 


In this chapter the infrared absorption spectra of 
(CH,) ,O---HC1 and its isotopic modifications are presented 
and discussed. Section 3.2 deals with the far infrared 
region of the spectrum, where the hydrogen bond stretching 
vibration absorbs, and Section 3.3 deals with the region 
between 200 and 800 sin ene where absorptions are assigned to 
the O=--HCisdefomationivibrations, in? Section’ 3e4othe 
absorption by the ethereal modes is presented and discussed 
in terms of the geometry of the hydrogen-bonded molecule. 
In Section 3.5 a study of the effect of temperature on the 
Shapes of the bands due to the hydrogen chloride stretching 
vibrations inthe various isotopic modifications of 
(CH) ,O---HC1 is presented and the features on these bands 
are assigned. The relative intensities of the absorption 
bands in the spectrum of (CH,) ,O---HC1 are presented in 
Section 3.6. 

In many of the spectral regions described in this 
chapter the absorption by the hydrogen-bonded molecule was 
complicated by overlapping absorption by the free components. 
Absorption by free hydrogen chloride was significant only 
in the 3000 eee and far infrared regions but absorption 
by free ether) occurred in mostrregions ofsinterest: “Attempts 


weresmadestosminimize! thecamount lof freesvether presentoby 
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45. 
cooling the cell and/or by preparing mixtures of high pres- 
sures of hydrogen chloride with low pressures of ether, 
thereby forcing a larger percentage of the ether present to 
become hydrogen bonded. Unfortunately, in many cases the 
onset of condensation occurred before the absorption by the 
free ether became insignificant and it was necessary to sub- 
tract this absorption from that by the mixture to obtain the 
absorption by the hydrogen-bonded molecule. This was done 
by placing an appropriate pressure of ether in a 10cm. long 
gas cell at ambient temperature in the reference beam of 
the spectrophotometer, or by obtaining the absorbance spect- 
rum of an appropriate pressure of ether in a 10 cm. path 
length and subtracting it fromthe absorbance spectrum of 
the mixture. The latter method proved to be the more advan- 
tageous in regions of strong free ether absorption. An un- 
certainty always existed in choosing the correct amount of 
ether absorption to subtract, but it was found that the 
resultant spectra were not critically dependent upon this 
amount, and in most cases the absorbance subtracted was that 
due to the same pressure of ether as was used in the mixtures. 
The absorption by the free ether was not found to be sig- 
nificantly affected by temperature or by pressure-broadening 
bysanvinert. gas and thus. the Lémperature or, and the toval 
pressure within the reference ether cell was not important. 

In addition to bands which could be assigned to either 
the hydrogen-bonded molecule or to the free components, the 


infrared spectra of mixtures of the components often contained 
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bands which grew in intensity with time. TO confirm that 
none of the bands assigned to the hydrogen-bonded molecule 
in fact arose from some reaction product, spectra of various 
mixtures of the components were recorded at various inter- 
vals over a period of twenty-four hours. Any band which 
grew in intensity could not then be assigned to some mode 

of the hydrogen-bonded molecule. The main reaction products 
were found to be methyl chloride, which formed fairly rapidly 
when the partial pressure of each component was large, and 

a thin yellow film, probably copper (II) chloride, which was 
slowly deposited throughout the cell and on the cell windows, 


cauSing a decrease in the infrared transparency of the cell. 


Se 2 Far Infrared Region 


In the region below 200 cm + only one band which was 
not present in the spectra of the free components was 
observed. In Figure 7, curves A, B, and C show the spectra 


between 90 and 150 ene 


Ob vanmixture ol S25"torr of dimethyl) 
ether-h. Wieh G2Zo TOLL Of-hydrogen chloride at s0gc, 910°C 

and 20°C-~respectively. A band which gs not present in the 
spectrum of pressure-broadened hydrogen chloride (curve D) 

or pressure-broadened dimethyl ether-h¢ (curve E) is clearly 
ViEsSitbDLe close to the iJ = 35> 6 pune rotation line sol athe 

free hydrogen chloride. The absence of an absorption at 


this frequency in the spectra of the pressure-broadened un— 


mixed components indicates that the absorption present in 
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PLCURE. 7/2 Curves A, B and C show absorption by 325 Vert of 


dimethyl ether—-h. plus 325 Torr of nhyarogen chloride at 07°C, 
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spectra of the mixtures arises from a specific interaction 
between the components rather than from a pressure-broaden- 
ing effect such as is observed for the trimethylamine-methan- 
Ol system (67,68). The intensity of the band increases 
reversibly as the sample temperature is lowered from 20°C 
to 0°C and is the kind of temperature dependence which is 
expected for an absorption by a hydrogen-bonded molecule in 
dynamic equilibrium with its component molecules. Curve F in 
Figure 7 shows the spectrum obtained by subtracting the 
absorption due to the unmixed gases from that of the mixture 
at 05€.94Duerto the strong absorption by free hydrogen chlor- 
ide, the resultant band in curve F is poorly defined but 
gCwhas*-as half-width of*about~ 25=30 om 7 and its maximum is 
ace lEgsers enn’ 

Spectra of 440 Torr of dimethyl ether-h_ mixed with 
220 Torr of hydrogen chloride and 220 Torr of dimethyl ether 
“he mixed with 440°Torr ofGhydrogen chloride, both. atr0°C; 
showed the same absorption as that shown in Figure 7. The 
intensity of the absorption by the 2:1 mixture was the same 
as that by the 1:2 mixture, but was slightly less intense 
thane thevabsorption: by the?lé l*mixture.?) This’ behaviorsecan 
be predicted from a simple calculation of the equilibrium 
concentration of the hydrogen-bonded molecule if one assumes 
that the molecule is composed of dimethyl ether-h> and 
hyadrogenechlonidesin: equal’ propor tions.e Yrurther ,sithes25-2 0 


ene half-width of the band is consistent with that calcu- 
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lated for the rotational envelope of a vibrational transi- 
tion in the molecule (CH,) ,0---HC1 (Section 3.4), so the 
band can confidently be assigned to this molecule. 

In Figure 8, curve A shows the spectrum of a mixture 
Of 325°Torr of dimethyl ether -h, with 325 Torr of deuterium 
chloride at 0°C and curves B and C, respectively, show the 
spectra of free deuterium chloride and free dimethyl ether 
ay , DOth pressure-broadened with dry air ati OPE. In spite 


6 
of the very strong absorption by the free deuterium chloride, 


a band close to 120 cm * is clearly visible in the spectrum 
of the mixture. The intensity of this band was found to 
decrease, reversibly, as the temperature was raised from 
0°C. Curve D shows the spectrum obtained by subtracting 
the absorption by the unmixed gases from that by the mixture 
and, although curve D is poorly defined, it shows. that the 
band is very similar in frequency and half-width to the 
band displayed in curve, F of Fagure 7. It»tollows, irom the 
assignment of the latter band to (CH,) ,0---HC1, that the band 
displayed in curve D of Figure 8 arises from (CH,) ,0---DCl. 
In Figure 9, curve A shows the spectrum of a mixture 


OL: 325 Torr Gi dimethyl ether =dvegwith 325 Torr of hydrogen 


6 
chloride at 0°C and curves B and C show the spectra of the 
pressure-broadened unmixed gases at 0°C. The spectrum 

obtained by subtracting the absorption by the unmixed gases 
from that of the mixture is shown in curve Dand reveals a 


band with a half-width which is comparable to the half-widths 


of the bands shown in Figures 7 and 8. The band shown in 
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S25 TOC Ob dimethyl .ether=d. plus s325 stor nectenyano- 


6 
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Curve D was obtained by subtracting the absorption in 


Curves tb ana Cc trom that. in carve A. 
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curve D of Figure 9 lies about 5 - 10 cm + to low frequency 
of those shown in Figures 7 and 8 although this frequency 
shift may appear to be much larger than it really is due to 
errors in subtracting the absorption due to the unmixed 
gases. This band was found to decrease in intensity as the 
temperature was raised from 0°C and it is clear that the 
bands observed in all three mixtures arise from either the 
v_ or v, modes of the hydrogen-bonded molecule. In general, 
an angle bending or torsional mode is expected to absorb at 
a lower frequency than a stretching mode involving the same 
atoms (94), but no other band which could be assigned to 
one of these three modes was found above or below the band 


close to 119 em *, The HCl wagging modes, however, are 


expected to absorb very weakly and below 100 em > (13) and 
probably interact with the rotation of the molecule. Indirect 
evidence is also given in Section 3.3 that these modes absorb 
abe about 50 cm +, Mhuis, the fband sates bo cm? is assigned 
to the hydrogen bond stretching mode, ey in agreement with 
Belozerskaya and Shchepkin (75). This frequency is close 
to the frequency predicted for ve in (CH) ,O---HC1 by Bertie 
Ande eyLene 7 3x 

A knowledge of the anharmonicity of the hydrogen bond 
stretching mode is important to the theoretical understanding 
of hydrogen-bonded systems. A study of the contribution of 
the hot bands of the fundamental (42) to the structure of 


vi 


the 119 cm ~ band could lead to a semi-quantitative evalu- 


ation of the anharmonicity of this mode in the ether-hydrogen 
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chloride molecule, and attempts were made to obtain a 
clearer view of the band for this purpose. Calculations 
indicated that much of the interfering absorption due to 
free hydrogen chloride could be removed by simply increas- 
ing the partial pressure of the ether while decreasing the 
partial pressure of the hydrogen chloride. Spectra of 
mixtures of 50 to 100 Torr of hydrogen chloride with up to 
1500 Torr of dimethyl ether-h; were recorded but the 
absorption by the ether in this region, which is not a 
problem at a pressure of 440 Torr, was sufficiently strong 


at the higher pressures to prevent better spectra from being 


obtained. 


Sao infrared Spectra’ Between 200 and 800 en 


In box I of Figure 10, curve A shows the spectrum 
between 300 and 600 cm + Of a mixture at -30°C of 680 Torr 
of hydrogen chloride with 110 Torr of dimethyl ether-h- 
Curve B shows the spectrum of 110 Torr of dimethyl mise 18 
at -30°C and curve C shows the spectrum obtained by sub- 
Eracting thei absorption due to; the ether fromthe absorp- 
tion due to the mixture. Hydrogen chloride does not absorb 
in-this region and its spectrum is not shown... Curve C 
displays a broad absorption extending from about 325 to 
590 cm + which has a half-width of about 150 cm? and is 


not present in the spectrum of the free ether. Superimposed 


on the band are several sub-bands, the most prominent of 
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which is a peak with a half-width of about 20 en centered 
aAbea LS cms In addition, three relatively strong features, 
abea4507 e 52 pean. 570 cm 1, are evident as well as weak 
shoulders at about 440 and 380 cm, Due to uncertainties 
in the appropriate amount of free ether absorption to sub- 
tract, these latter two features, as well as the doublet 
character of the peak at 415 em + and the rather sharp top 
to the feature at 480 cm, may not be real. 

Spectra. of samples at 30, -10 and -30°C showed that 
the intensity of the band increased with decreasing tem- 
perature in spite of some condensation occurring at -30°C. 
This temperature dependence of the intensity of the band 
and the absence of the absorption in spectra of the unmixed 
gases are consistent with the assignment of the band to a 
hydrogen-bonded product molecule. Further, spectra of 
440 Torr of hydrogen chloride with 220 Torr of dimethyl 
ether-h> at -30°C showed the same absorption as shown in 
box I in Figure 10 and revealed that the relative inten- 
sities of) the, features. at 5/70),,.525, 480, 415 aa cid.ic. 
depend upon whether the ratio of acid to ether was 2:1 or 
8:1. This is consistent with the assignment of the whole 
band to the 1:1 hydrogen-bonded molecule, (CH,) ,0---HCl. 

Inbox. LL of Figure.) 0, scurves A, showsuthesgspectrum 
between 300 and 600 em: > of a mixture aty-302Cy or. 8s0) Torr 
of hydrogen chloride with 110 Torr of dimethyl etherad, 


and curve B shows the spectrum of 110 Torr of dimethyl 
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ether-d, at =30°C> The*tsubtraction spectrum, “shown in 


curve C, displays an absorption with a half-width of about 


ay ae 1 


between 325 and 590 cm~ that is very similar 

tG therabsorptioneshowneinvcurve Clot ‘box SPAtvAtstudy "OF the 
effect of temperature on the intensity of the band and of 
the effect of changing the acid to ether ratio showed that 
the absorption arises from the 1:1 hydrogen-bonded molecule, 
(CD,) 20---HCl. 

The main differences between the bands displayed in 
curves C of boxes I and II occur below 450 cm +. Most 
striking is the absence, in box II, of a peak at 415 oa. 
Since this peak is present only in spectra of mixtures con- 
taining dimethyl ether-h; it must arise from a vibrational 
mode in the ethereal part of the (CH) ,O---HC1 molecule. 
The absorption by the free dimethyl ether -h> between 375 
andi 0.6 emit has been assigned to the C-O-C deformation 
mode (95,96) and the 415 cm” absorption by (CH) ,0---HC1 
is clearly due to the analogous mode in the ethereal part 
of the molecule. Curve C of box II displays a weak feature 
at about 340 om + which is not present ain ‘curve “C ‘of box 
I ‘and which falls in the region of absorption by the C-0O-C 
deformation mode of dimethyl ether-d_ (95) Bywanaliogy 
with the argument used for the assignment of the 415 om + 
peak in the spectrum of (CH,),0---HC1, the feature at 340 
cm? may be assigned to the C-O-C deformation mode in 


(CD,),0---HC1. The very weak feature at about 370 cm in 


the spectrum of (CD) ,0---HC1 is probably spurious, 
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Due. 
Above 450 cm + the absorption does not depend signif- 
icantly upon which ether is present in the mixture. The 
shoulders at 570 and 525 cm on the band displayed in box 
[Tecoincide»*almost-exactly with*similar features in box 1. 
The absorption maximum in (CD) ,O---HC1 is a smooth feature 
centered ati 470 cm * and coincides closely with the feature 
at 480 cm on the absorption by (CH,).,0---HCl (this feature 
may be slightly higher in frequency than it should be due 
to poor cancellation of the free ether absorption). MThis 
series of sub-bands, at 570, 525 and 470 ae has a spacing 
Orfabout 50 cm? and) leads) to» the’ conclusion that the’ shoul- 


i 


der at 4256emen,in the spectrum of (CD O=—-HGl 1s aisoua 


3)2 
member of the group, but due to overlapping absorption is 
not seen in the spectrum of (CH,) ,0O--~HC1. 

The features which See common to the spectra of 
(CH) ,0--~HC1 and (CD) ,O---HC1 in this frequency region 
mustphave®their oOriginiin the 0=+-=-H=-Cl) part. ef the mole-— 
culesiy Of the six®vibrational modesPcontined to this®part 
the O=-=-H-Cl 


of the molecule (Figure 4), only v, or vy 


b Cy 
deformation modes, can reasonably be expected to give rise 
EOMADSOLPTIONLIN thas weqroneRl Proolethacethissabsorprienvis 


due to v, and/or v, was obtained by recording spectra anal- 


b te 
egous@tos thesershownlin boxesmie@ands il) ob Figure 20; abut 
withsdeuterium chloride in* place’ ofshydrogenschloridels-~iIn 


box IT2,) cirverA.showsethe’spectrum of avmaixturetats—30°C 


OEeSsOnTOr, ofjdeuteriume chlorideswithel LU Torrecradimethy. 
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ether-h¢ and curve B shows that of 110 Torr of dimethyl 
ether-h> at.-30°C. The subtraction, spectrum, shown in 
CurvesC epeveadis that, .except .. or athe speakeat 1415 cm.*, the 
absorption by (CH,) ,0---DCl is centered at a lower frequency 
than that by (CH,) ,0---HC1 and thus can only arise from 

a vibrational mode involving the motion of the hydrogen- 
bonded hydrogen atom. Of the vibrational modes confined 

to .the.0---H-Cl part of the molecule, other than Yb (@he Ver 
only yet the H-Cl stretching mode, involves this motion. 
This mode, however, is known to absorb close to 2500 ome 
(73) and therefore cannot give rise to absorption in the 
450 cm + region. 


The peak at 415 aa! in the spectrum of (CH O---HC1 


ako 
was assigned above to the C-O-C deformation mode and is 

not expected to shift in frequency by isotopic substitution 
of an atom outside the ethereal part of the molecule. Thus 
the peak at 415 sae in the spectrum of (CH,) ,O---DCl 
clearly arises from this mode. The remainder of the absorp- 
tion shown in curve C of box III is rather weak but features 
Ate4 40, Qo eos Rand p2c0 om + are evident. These features 
are nearly coincident with features at about 430, 380, 340 
and? 290 cm? seen .on curve .C.in box LV, pwhieh sshowsiathe 
analogous subtraction spectrum of (CD) ,0---DCl. Although 
vibrational modes in the ethereal parts of the (CH,) ,O---DC1 


and (CD O---DCl molecules clearly influence the relative 


3)2 


intensities and, to a lesser extent, the frequencies of the 


features, athe major portion ob these absorptions must. be 
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assigned to modes in the O---D-Cl part of the molecules. 


1 


The feature at 340 cm ~ in the spectrum of (CD O-=-DCE 


3)2 
must include absorption by the C-O-C deformation mode as 


this mode absorbs at 340 em 


in (CD) ,O---HC1 and 2S Not 
expeceedgto Shirt in* frequency in (CD,) ,0---DCl. 

Some of the differences between the spectra of 
(CH,) ,0---DCl and (CD) ,O---DCcl May arise from errors in 
the subtraction of the free ether absorption from that of 
the mixture since the absorption by the ether is of the 
same order of magnitude as that by the hydrogen-bonded 
molecule. However, spectra of other mixtures with the same 
partial pressures of components contained features at the 
same frequencies although their relative intensities varied 
somewhat in different spectra. Attempts were made to 
obtain more intense absorption by all four isotopic modi- 
Ercacions of (CH) ,O---HC1 by increasing the partial pres- 
sure of the acid in the mixtures and by cooling the gas cell 
below -30°C. Unfortunately, the onset of condensation ahd 
iLhemoaryrasrOrmablon OL Leactiom progucus under  tuese cons 
ditions prevented better spectra than those presented from 
being obtained. 

The bands assigned above to the O---H-Cl deformation 


modes, v, and/or v have many of the characteristics of 


b ioe 
those due to the H-Cl stretching mode, OS (SECCTON wa.) a 
In each case the bands are extremely broad, with a half- 


width about five to ten times that expected for a band due 
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GO; 
to a single fundamental transition in (CH,) ,0---HC1 OY 
(CD,),0---HCl, and complex, with four equally-spaced fea- 
Lures. The Dreadth and Complexity of the band’ due~-co the 
we mode has been attributed (73) to interactions between 
vy. and Ope the hydrogen bond Stretching mode. By analogy, 


Ss 


the breadth and complexity of the bands due to vy, and/or y 


b 


probably arise from interaction of these modes with the 


2 


HCl wagging modes, v and v, . Thus the observed features 


By" B2 
on these bands may be assigned to transitions of the type 
where n is integral or zero. From the 


(Oe + nV 


igs so B’ 
separation of the features the fundamental frequency of the 
iy modes must be about 50 Ones The frequency of the ve 


modes is not expected to be significantly different in the 
DC1l complexes and thus the observation that the features on 
the bands due to the O---D-Cl deformation modes are separ- 
ated by about 50 om leads to the conclusion that these 


features also are due to transitions of the type v On AL; 


ah t 
If the hydrogen chloride molecule attaches itself to 
one of the.lone pairs of electrons on the oxygen atom of the 
ether molecule, the hydrogen-bonded molecule belongs to the 
point group a (Section 3.4). The only element of symmetry 
is a mirror plane which contains the hydrogen chloride mole- 
cule and the oxygen atom of the ether and which brsects*the 
C-O-C bond angle. ve is defined as the in-plane O---H-Cl 


deformation mode in which motion of the hydrogen-bonded 


hydrogen atom is parallel to this plane and oe is the out-of- 
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plane mode and involves motion of the hydrogen atom perpen- 


adicular to this plane. Thus Ms and US have different sym- 


metries and cannot interact with each other. Symmetry argu- 
ments, however, permit any sum or difference band of see or 


Vy with either Ve the in-plane HCl wagging mode, or Ye 
1 2 
the out-of-plane HCl wagging mode. Thus, the bands of 


the type oe ae Bos and v, + are as probable as those 
2 


rae EY Ba 
of the type ue a ies andv, + Be cee although the modes in 
the former combinations do not take place in the same plane 
while those in the latter combinations do. Thus no distinc- 
tion between the Ve modes in the combinations with Vp and Ve 
can be made on symmetry grounds, although intuitively one 
would expect combinations of modes in which atomic displace- 
ments take place in the same plane to be more likely to 

occur than those in which the atomic displacements are per- 
pendicular to each other. 

Since a difference transition originates in an excited 
vibrational energy level, a difference band must decrease in 
intensity as the temperature is lowered due to depopulation 
of molecules of that level. However, calculations showed 
that the Boltzmann distribution of molecules between the 


a above it was not sig- 


ground state and levels up to 100 cm 
nificantly dependent upon the temperature between +30°C and 
~30°C, and a change in intensity of a difference band such 


as WA xe 


Thus the observed constancy of the bandshape with temperature 


would not be detected in this temperature range. 


does not rule out the contribution of such difference bands 
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to the structure of the O---H-Cl and O---D-Cl deformation 
bands. 

Before the assignment of the features of these bands 
is discussed in more detail, the spectra shown in Figure 11 
must be presented. Curves A and B, respectively, show the 


absorption between 700 and 875 cm + 


by a mixture of one 
atmosphere of dimethyl ether-h;> with two atmospheres of 
hydrogen chloride, and by a mixture of two atmospheres of 
dimethyl ether-h; with one atmosphere of hydrogen chloride, 
both at 435°C. “A broad band, centered at. about 790 ne 
clearly evident in both curves, but is not present in the 
spectra of the free ether (curve D) or the free hydrogen 
chloride (curve E). The absorption is overlapped above 825 
cm? by a strong band due to the symmetric C-O stretching 
mode of dimethyl ether-h¢ (95,96) and thus no reliable 
measurement of its half-width can be made. Its intensity, 
which is about one-sixth of that of the band centered at 


z 


470 cm ~ in (CH,).,0---HCl, is the same for dimethyl ether 


“-h, : hydrogen chloride ratios of 1:2 and 2:1. In the 
spectra of mixtures with a total pressure of one atmosphere 
the intensity at 790 cm + was found to increase reversibly 
as the temperature was lowered to the onset of condensation. 
Thus the band is assigned to the (CH,) ,O---HC1 molecule. 
Curve C shows the spectrum of a mixture of two atmospheres 


of dimethyl ether-h> with one atmosphere of deuterium 


chloride at +35°C. Comparison of curves B and C shows that 
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BiGUREY Uasbnt rarcedstabsoupbilonyat aso Ciby: Mivatmion 
dimethyl ether-h> 
(curve A); 2 atm of dimethyl ether-h 


mixed with 2 atm of hydrogen chloride 
6 mixed with 1 atm 
of hydrogen chloride (curve B); 2 atm of dimethyl ether- 
he mixed with 1 atm of deuterium chloride (curve C); 


InatmeOonceadimethy.. ether (curve Dp) loatm Of hydro- 


6 
gen chloride (curve E£). 
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the broad absorption at 790 cm” + has almost completely dis- 
appeared in the latter case, leavingonly a weak feature 
about one-twentieth as intense as that in curve B. The 
deuterium chloride contained at least 5% hydrogen chloride 
as an impurity and the residual band may be assigned to 
(CH) ,O---HC1 rather than (CH, ),0---DCl. 


ak 


Since the band is not present at 790 cm - in the 


spectrum of (CH O---DCl, it must arise from a mode in 


3)2 
which the motion of the hydrogen-bonded hydrogen atom is 
important. Only two assignments appear to be possible for 
thzs .eature. Hither it 1s due to: one: of the O—---H-Cr 
deformation modes or to the first overtone of one of these 
modes. In either case a band should be present at 790 ene 
in the spectrum of (CD) ,0---HC1l and one at a lower fre- 
quency in the spectrum of (CD) ,O-~-DC1 Om (CH,),0---DCl. 
The spectrum of (CD,) ,O---HC1 in the. 790 cm + region could 
not be obtained because of a strong overlapping absorption 
due to the symmetric C-O stretching mode of the dimethyl 
ether-d_ (95) but the spectrum between 500 and 650 an 
Of (CD) ,0---Dcl is presented in Figure 12. Curve A shows 
the absorption by a mixture of two atmospheres of dimethyl 
ether-d . with one atmosphere of deuterium chloride at +35°C. 
A very weak, broad absorption extending from about 550 to 
620 cm + is just visible in the spectrum of the mixture but 


Pe enotm present tn the spectrum On tne tree ether, (curve Bb) 


or free deuterium chloride (curve C). The weak absorption 
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PICURE LZ. infrared "absorption at +35 °C by: 2, atin of "di-— 
methyl ether-d_ mixed with 1 atm of deuterium chloride 
(curve A); 2 atm of dimethyl ether-d_ (CULV Gb) elec 


Of deuterium chloride (curve C). 
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close to 600 cm + shown in curve C arises from a thin 
yellow film which was present as an impurity on the cell 
WwEndowSe(Secti ones <1) <siTolshowrthat® the weaketeaturer chown 
in curve A actually arose from (CD) ,O---DC1 rather than 
from this film, the infrared cell was evacuated immediately 
after recording the spectrum of the mixture and the spect- 
rum of the cell was recorded. The feature was not observed 
in this spectrum and therefore cannot arise from absorption 
by the cell. Attempts to observe this band with greater 
intensity, by cooling the cell and increasing the pressures 
of the components, resulted in either condensation of the 
complex or rapid formation of methyl chloride and were not 
successful. | 
The assignment of the 790 em + absorption by 
3) 20---dc1 


to analogous modes necessitates a discussion of the rela- 


(CH,) ,0---HC1 and the 600 ca absorption by (CD 


tive intensities of the bands. It has been shown (97) that 
the intensity of ve in free deuterium chloride is about one 
half of that in free hydrogen chloride. Since Yn and re 
involve primarily the motion of the hydrogen-bonded hydro- 
gen atom, one would expect the intensity of Vp OF VE my 

the deuterium chloride complexes to be about one-half of 
tha twin ithe tiydrogen’ chlorntdesoness” Clearly the intensity 
ofetheeabsorptiion by (CD) ,0---DC1 is much less than one- 
halt joiiechat iby (CH,) ,0---HCl. However, the absorption at 


nD cm + isnot Gar removed from anvextremely strong absorp 


tLlonudue to the C-0 symmetric stretching mode of the ether. 
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If thev790 em + absorption is due to a mode which has the 
same symmetry as the ethereal mode, it is possible for the 
weaker absorption to gain intensity through Fermi reson- 
ance (Section 1:6). The symmetric C-O'stretching modé 
belongs to the A' symmetry species under the point group 
Cor allowing such an interaction to take place if the 790 


=| 3 : 
cm bandmwererducetomerther wil or to the -fisst “overtone 


b 
of either Yn or Vie In (CD) ,O---DC1 there is no strong 
absorption close to 600 cm? and thus no intensity enhance- 


ment through Fermi resonance is possible. 


The VA and Ue modes have been assigned to features 


of approximately the same intensity at 755 and 655 emaa 
Lnecherspectrum tot (CH) ,O---HF (78) and vat 550 Vandi 2490 one 
in the spectrum of (CH,) ,0---DF (78) 28 Asieus tehe tease tion 


(CH) ,0---HC1 and (CH,),0---DCl, it is impossible to deter- 


mine which mode has the higher frequency as both Me and ue 


show similar isotopic shifts and neither exists in the 
absence of the hydrogen bond. The separation of 90 emi 
between the modes in (CH) ,O---HF Makes oe very sdaet cu Le 


to justify the assignment of one of these modes in 
(CH,) ,O---HC1 ee] 910 cm + and the other near to 470 cmt, 


fegis probablerrtheretore, that oS and Vv, are both econ— 
: band and wtihatethe 7 90 om + 


tainedeinetnem4 70 vcms band is 


the absorption by 2V) ir 2V,- The 600 cmt absorption by 


(CD,) ,0---DCl must then be assigned to 2V1, or 2Vis with 


: = dh 
the fundamentals absorbing below 400 cm ~. 
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Unfortunately, the re and oe modes cannot be uniquely 


assigned. If the ratio of the frequencies of Yb and ve is 


the same for the HCl and DCl complexes as for the HF and 


DF ones, respectively, then ve and ve must be separated 


by about 60 em)> close to 500 cm + and by about 40 cm 


close to, 350 om *. Since features were observed at 340 
and 380 cm > in the spectrum of (CD,),0---DCl, they may be 
assigned to Vv, and v_. Their assignment at 470 and 525 


b c 


em > for the HCl complexes yields an isotopic ratio of 
1.38 for both bands, compared to 1.40 under the harmonic 


approximation, if it is assumed that v, is higher (or lower) 


b 


than ‘ae in both the HCl and DCl complexes. This assignment, 


however, suggests that 790 cm + is a very low frequency for 


the first overtone of tes or Vi- 


feature is at the low frequency end of a broad absorption, 


It is possible that this 


most of which is hidden by the much stronger band above 

850 ee It is also possible that, because of the vibra- 
tional Franck-Condon effect (Section 1.6), the most intense 
transition in the overtone band is not the overtone of the 
most intense transition in the fundamental band. An alter- 
native assignment which uses this feature is to assign Yb 
and Ve at 470 and 420 cm + in the HCl complexes and at 

340 and 290 in in the DCl complexes but the isotopic 
Yatio, 420/290: = 1.45, as somewhat. large. 


It is useful to use these frequencies to calculate 
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Ee r 2 
Gly) = wi tv + 1/2) WX, (Vv +172) (1) 


as defined by Herzberg (98). G(v) is the energy term of 
the vo vibrational energy level, Wy is the harmonic con- 
tHIbuULiOMm to Gtv), and ee is the anharmonic constant. 
From this equation the following expressions are obtained 
for the fundamental and first overtone frequencies of the 


se (or V,) mode: 


Vv, = W_- 2wW x (2a) 

2v, =2u, - wi %, (2b) 
Once Wey and Oe a for the HCl complexes have been cal- 
culated from these expressions, those for the DCl complexes, 


denoted by ae and W Xe! may be computed (99) from the 


following formulae: 


(3a) 


€ 

ll 
12) 
S 


2 
WX = Pp Wx (3b) 


where Bc = G /G._, where Gy and Gy are the G matrix elements 


(100) for the O---D-Cl and O---H-Cl deformation coordinates, 
respectively. These elements correspond to the element 


Si a defined in appendix VI of reference 36. If the oxygen, 
2 


hydrogen and chlorine atoms are taken to be colinear, with 


oO ° 
= ea) Awana. =r = 91.4 Aye Gang G 


Ooo LO==D HCl DC1 H D 
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= o= 
are 57193 and 07 S786 amu ¢ A ao respectively. The masses 


of the atoms used in the calculation were taken from ref- 


erence 101. The values of Gp and G yield se =U; o11T 


H 
and p = 0.7149. 


For the sake of simplicity in the following discussion 


1 


the 790 cm ~ band is assumed to arise from 2\v wechio=rirst 


b 


overtone of the Yb mode, “although LE" is™2mpossibie to 


determine whether it arises from 2V) or 2V,- The most 


reasonable agreement with this overtone frequency is 


obtained if Ue is assigned at 420 or 470 em *, To assign 


be ta) UOrN. 525 cm + leads to unreasonably large positive 


anharmonic terms, but one of these features may well be 


due to the other deformation mode, Naa If Vb is assigned 
Sb ci ae hen ae Sian ela eet aun = 

e ee e 
443 sae and ipa ee See} ae Substitution of these 


values into equations 2a and 2b predicts 0 267 cm 


and 2h = 657 em > in the DCl complexes. The weak feature 
observed in the spectrum of (CD) ,O---DC1 (Figure 12) was 
definitely at a lower frequency than 657 cm +, but 367 om + 
is close to an observed feature at 380 emt. The pairing 
of 470 and 380 cm + indicates that 525 and 340 cm + must 
correspond to the same vibration. Thus, this assignment 
requires that the anharmonicities be very large indeed, 
and does not agree well with the overtone frequency for 
(CD,),0---DCl. The second assignment, in which 790 Sa 


is taken to be the first overtone of 420 nou yields 


OFT oar. 


Pl 
~igt mosi nedey Siew Robelusiss sibel 6 
a - : _ i, ‘i 


mt 4. aiadeocms fh ae ie | Houcdaits ,aheo Pi to 


nox? asaiys dd usWaedw st mts é a) 
rit 48) J z | ~ Ae ies rt? r ue Irae vIps 2 oldenoese 


« "ne OvR 25/00? os) bengkees ah gv 25 canted 


’ oa” ce a_i - 
thdog apres Wiiésadsuany od ahast ~ mp €82 36 ave 38 ra 


: : ro 
Ve oip2s8? dead) 26 ene sed , sie Shaomasd + 


7 


4 wu  -ebrni nGfsameageP Jedzo one yates 


By ae at = ela 08a Le tie © “wo be 


es if Bos Ft. ; : ‘ - mi Le = a as a” Baik » +6] 


yr = ob aaatberq ch GE &i 2&6 oi Taups Oo? bat ee 


—_— , 
tis koa SAT sadxpiqnde 19d addoak “ am sed © ve oe 
Zé (<4 ‘wort LoOG=-- -&, ID) ta pIasede ans as 

; : 7 — ' - ra 
- rai stud ng ao “Fe eds yorseupe'es “taal “ 36 ciate ek : 


Tt. hes it O@f 4s. seg9sa7 .bevrendo 6 09 weet 4 


oi : “q 
+ALan Ary ORE ‘fe eSe tara ostnn bit os) oe et al ote 0 


‘ 


dnemmptaes ainda ,audt - aisendhy sate atid ot tae cue 
 basbii apie! yrev ad aot aes ote om jae = hop 


“y¥o4 semaupans nae s2avo an’ — : = oe 3 jon agob 
2) nae bath er = toe 
oe i= a ff 4 S a! oi% ace 
rats i bite ahs oF nett oY Jee calls 
yee Sree 
oo - : ee 7 


a dia tae mi serene : ee 


1 


= -l - -l Des -1 
Wi, =p ay 0eem 7", ee =I2 5c s We 383°367-cm “>, and WoX 


12. Genes and predicts the corresponding frequencies for 
the DCl complex to be 595 and 310 em, The former agrees 
well with the observed overtone absorption in the DCl com- 
DLex=buG *44) cm + does not correspond to any obvious 
feature in the observed spectrum. Thus, with the present 
data no unique assignment can be made, although of the 

two discussed, the second one is to be preferred on the 
basis of the smaller anharmonicity that it implies for 
this mode. 


3.4 infrared’ Spectra’ Between 800 jand 1500 an 


Because absorption by the free ether is very strong 
in this region, it was necessary to record spectra of 
mixtures containing very high partial pressures of hydro- 
gen chloride and low partial pressures of ether. The 
large excesses of hydrogen chloride in the mixtures caused 
most of the ether to become hydrogen bonded, even at am- 
bient temperature. To further increase the percentage 
of ether present in the hydrogen-bonded form, the infra- 
red cell was cooled. At -10°C the equilibrium constant 


fOr tie. Lpormacion of (CH O---HCl is computed from the 


a) 
mean enthalpy and entropy reported by Govil, Clague and 
Bernstein (84) to be 1.86, standard state one atmosphere. 


Substitution of this value into the equilibrium expression 


for LOLmatLon OL (CH) ,O-~-HC1 reveals that at -10°C only 
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six percent of the ether present in a mixture of 5860 Torr 
of {hydrogen chloride with 10 Torr of dimethyl ether-h_ 
remains uncomplexed. Under these conditions some conden- 
sation of the hydrogen-bonded complex undoubtedly occurs, 
but this has no effect upon the shapes and frequencies of 
the bands reported in this section. Due to the very large 
hydrogen chloride to ether ratios there exists a possib- 
ility that hydrogen-bonded species other than a 1:1 com- 
plex are present in these mixtures. However, the hydrogen 
chloride stretching mode, var in the 1:1 complex is known 
to give rise to a band close to 2500 aa (73) and a com- 
parison of this band with the absorption by the high 
pressure mixtures in this region did not reveal any dif- 
ferences which could be attributed to other complexes. 

in Figure 13, boxes II andvillivshow spectra of 10 
TOrDrr Of dimethyl ether-h¢ mixed with 5660 Torr or argon 
at +35°C (curves A)\A and’ of: 10) Torr “offdimethyl ether~h> 
mixedawrth 2000 Torr oOfwhydrogen=cnloridexat, to5-C; 410°C, 
O° @eand=-L0°C (curveseB.C, DD andwh, Respectively). |) lire 
intensities of the spectra shown in the latter four 
curves become progressively weaker as the temperature is 
lowered as a result of condensation of (CH) ,0---HCl. In 
box [i curve vA shows, two sbandsswitnyPORVstructines 7 lone 


ir 


aLeL Foz ane with a half-width of about 45 cm ~ and PR 


separation of 26.1 om 4 and eOnera trl bya eae with a half- 


width of about 40 oma and a PR separation of 22.0 Rae 
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FIGURE 13. Infrared absorption spectra of: boxes I and IV, 
203 Torr or -dimetny | ether-h; mixed with 5850, Torr ’olsAr= 
Gon (Curves A) Or with 5Se50-Torr of hydrogen ehloricde 
(Gunrveses )meatea0 SC: boxes. TLisandsiilie L0eTone of dimethy! 
ether-h> Mixed With, 5860: Torr Of) Argon atl +35°C (curves, A), 
CLawLtn SS3o0ulorr Of hydrogen: chloride at 135°C \curvesr es), 


TrO°Cw curves’ c), O°C (curves D)7 (Ore-10°C = (curves@E):, 
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Curves B through E show that, as the temperature is low- 
ered and the absorption by free ether is decreased, the 


spectrum approaches a limit of two bands with half-widths 


Of e25-30 cm? and PR type structures. One band is cent- 


ered at 1097 cm + and has a PR separation of 11 cm + and 


the other is centered at 1171 om”? and has a PR separa 


Epon of 9 emt. The bands at 1102 and 1179 enn in the 


spectrum of dimethyl ether-h, have been assigned (95,96) 


6 
to mixtures of the asymmetric C-O stretching and CH. 


rocking modes and thus the bands at 1097 and 1171 cm? on 


the spectrum of (CH,) ,O---HC1 must arise from analogous 


modes. In box III, curve A displays a band centered at 


934 cm + with P and R branches separated by about 24 cm +, 


Curves B through E show that the corresponding band in 


the spectrum of: (CH O---HCl has a halfwidth of about 


ae: 
20 ch: its absorption maximum at 912 cm 2, and a weak 
shoulder at about 925 om, The band at 934 cm + in the 
free ether has been assigned (95,96) to the symmetric 

C-O stretching mode, which must therefore be assigned at 


912 Seo 


in (CH,) ,0---HCl. 
Boxes I and IV of Figure 13 show spectra of 20 Torr 


of dimethyl ether-h, mixed with 5850 Torr of argon at 0°C 


6 
(curves Ay and of 20..Torr of dimethyl ether-h> mixed with 
Sopv0mlOnE OL hydrogen chioride at.) Ca(curveceB) tie 


shapes of the bands shown in curves B did not change as 
the temperature of the mixtures was lowered below 0°C 


and therefore these bands must arise almost completely 
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from (CH,),0---HCl. In box I, curve A displays a weak 


band, centered at 1245 cn, with P and R branches separ- 


ated by about 20 SH This band has been assigned (95, 


96) to the totally symmetric CH, rocking mode of dimethyl 


3 
ether-h-. The weak, slightly asymmetric band shown in 
curve B is centered at 1248 cm + and undoubtedly arises 
from the analogous mode in the ethereal part of 


(CH O=--HClT. in box LV, curve A displays 4 band) wien a 


3)2 
hali-—width of about 35 em + and with sharp features at 
1454 and 1462 ain and a shoulder at about 1475 cmt, 
This band has been assigned (95,96) to the five infrared 
active CH, deformation modes in dimethyl ether-h-. Curve 
B shows that the band due to these modes in (CH) ,O---HC1 
Nas@aehalfi—width of about. 25 cm + and is centered at 1465 
cml, although the absorption maximum is at 1462 sae. 
Wiesregtonepecween 900 one LE) om + has been studied 
by Le Calvé, Grange, and Lascombe (76). The temperatures 
and the acid to ether ratios were higher in the present 
work, but the limiting band shapes reached as the tem- 
perature was lowered are essentially the same in both 
studies, except that the shoulder at 925 cm + is less 
pronounced in this work. than an 1éeference 76.5) %ne bands 


eer ees cm 


in the spectrum of (CH, ) ,O---HCL 
are reported here for the first time. All of the bands 
between 900 and 1500 cmt appeared unshifted in frequency 


in the spectrum of (CH,),0---DCl, so there cannot be any 
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Significant coupling between the ethereal modes and the 
modes involving primarily motion of the hydrogen-bonded 


1 of 


hydrogen atom. The spectrum between 800 and 1500 cm 
(CD) ,O---HC1 was not studied in as much detail as that 
of (CH) ,0---HC1 but four bands" centered at Si6, 925, 
LO575, ane 1160 cm 1 with approximate half-widths of 20, 
40, 25, and 30 em, respectively, were clearly evident 
and were close in frequency to four corresponding bands 


in the spectrum of dimethyl ether-d The frequencies 


6° 


of the bands in the spectra of (CH O---HCl, (CD O---HC1l 


a ae 
and the ethers are presented in Table 1, along with their 
assignment (95,96). 

Figure 14 shows two possible geometries for 
(CH,) ,0---HCl. In structure I the hydrogen chloride 
molecule bonds to one of the lone pairs of electrons on 
the oxygen atom. The only element of symmetry in struc- 
ture I is a mirror in the plane of the a= and c= prin- 
Cipal axes of inertia and thus structure I has CS symmetry. 
In structure II the hydrogen chloride molecule bonds 
simultaneously to both lone pairs of electrons on the 
Oxygen atom and lies in the C-O-C plane ot the ether 


molecule, forming a hydrogen-bonded molecule of C sym- 


2vV 
metry. It has been suggested (74) that an analysis of 
the shape of the band due to the symmetric C-O streching 


mode at 912 ae proves that the complex has ce symmetry. 


To test the conclusion of reference 74, calculations were 
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TABLE 1 


: a : : 
Frequencies and Assignments si of Absorptions Between 


Suit) Shee asulsl (one (CH) ,0---HC1, (CD,),0---HC1 and 


the Free Ethers 


(CH,) ,0 (CH) ,O---HC1 assign Gine 
934 alee Symmetric C-O 
Stretch 
ETO2 1097 CH, Rock + Asym- 
EL79 ashy ik meétriceStretch 
245 1248 CH, Rock 
1462 1465 CH, Deformations 
(CD,) 50 ee aa Assignment 
829 816 Symmetric C-O 
Stretch 
el oo CD. Rock 
1060 1057 CD. Deformations 
1163 1160 Asymmetric C-O 
Stretch 
a) Frequencies are reported in cm +, 


b) References 95 and 96. 
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C, MODEL C4, MODEL 


FIGURE 14. The two possible geometries for the 
(CH,) ,O---HC1 molecule. The axes marked a, b and 


c are the principal axes of inertia. 
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made to determine the band shapes of the C-O symmetric 


stretching mode using both the Cn and Co models. For 


each model the geometry of the ether part of (CH G-=— 


3)2 
HCl was assumed to be that reported by Buikis et al (102) 


for free dimethyl ether-h andesite. O-—=He ands O=——-C 1 


ae 
distances were assumed to be 1.7 A and 3.1 nN respectiv- 
Gly og ethe sSchachtschneider program; .cART(103).,.and 
values of the atomic masses tabled in reference 101 were 
used, to calculate sthe rotational «censtants -(104)\ for 
each model. These constants, A, B, and C, respectively, 
are proportional to the inverse of the moments of in- 
ertia about the a-, b-, and c- principal axes of 
rotation which are defined in Figure 14 for each model. 
For the Ce model the values of the constants are A = 

1 


0.058 cm and for the C,,, model 
1 


the constants are A =—30. 337 ,.Bs=A08068, C.=—.0.,053 cm. 


Thus both models are asymmetric rotors but closely approx- 


O36 oe O06 5, —C 


imate prolate symmetric top molecules. 

For the Coy model, the C-O symmetric stretching 
vibration would cause a dipole moment change along the 
a- principal axis of rotation and hence an A-type infra- 
red absorption band (104) is predicted. The analogous 
mode for the Cy model would cause a dipole moment change 
in the ac plane, with almost equal components along the 
a- and c- axes, and hence an AC hybrid band (104,105) is 


predicted. Ueda and Shimanouchi (105) have calculated 


the shapes of A-, B=, and C-type infrared absorption 


ape 
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bands for forty different asymmetric rotors which are 
characterized according to their molecular shape by two 


parameters, X and Y, where 


X = 2C/B 1) 


and Y 


il 


Vere (Ger erm (G/B) (2) 


Substitution of the appropriate rotational constants into 
these equations yrelds xX = 1.74 and Y = -—0026 for the Coy 
modelrand px = 1.72 and Y= — 0-036 forsthe Cy model. The 
values of these parameters in each case most closely 
approximate those of rotor number 8 of reference 105. 
The A-, B-, and C-type infrared absorption bands pre- 
dicted LOG this rotor are shown in “box Ts0r Figure 15, 
as reproduced from reference 105. The A-type band, pre- 
dicted for the Coy model, has a POR structure with a 
prominent Q branch. An AC hybrid band, such as that 
predicted for the Ce model, can be constructed by the 
superposition of A- and C-type bands. Since both the A- 
and C-type bands have PQR structures, the AC hybrid band 
Will also: have: P,4O andi branches, and novdistinction 
between the Ee and Coy models can be made on the basis 
of band shape. 

A more detailed look at the shapes of the bands 
predicted for the two models of (CH,) ,O---HC1 is warranted 


because the bands shown in box I of Figure 15 were calcu- 


lated with the assumption that the sum of the rotational 


(3) 
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constants, AYy+ B+ Cc," was’ 5 em” >, which is of the order 
of ten times the sum calculated for either model of 
(CH,) ,0---HCl. As a result, the bands shown in box I 

of Figure 15 have much larger PR separations and there- 
fore larger half-widths than would be expected for bands 


in the spectrum of (CH O==-HCi. lhe PR Separations 


3)2 


and half-widths of bands due to (CH O---HCl can be 


3)9 
calculated since, at a given temperature, T, they are 
approximately proportional to /(A + B + C)/T. Therefore, 
the PR separation of an A-type band in the spectrum of 
the Coy model; “Lor which A°+°B 4+°C'="0. 451 cm, would 
be that measured from the A-type band in box I of Fig- 
ure 15, which is: about 40 on >, multiplied by v0.451/5. 


» and thus the sep- 


This yields a value of about 12 cm 
aration of the-Q branch from either the P or R branch 
should ideally be one half of this value, or about 6 

em >. The half-width of the A-type band shown in box I 
Sberiqgure 15 is “about 70 on > and therefore the half- 
width of an A-type band in the spectrum of the Coy model 
of (CH) ,0---HC1 would be about 20 Sileme The AC hybrid 
band predicted "for the C=0 symmetric stretching mode of 
the Ce. model should correspond closely to the AC hybrid 
band calculated in reference 105 for gauche-1,2-dich- 
loroethane. This molecule has the rotational constants 


uF 1 


A= '0N38769-em ~-, ‘B= 0.0784 fe ata Ge shots Toons i 
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very close to those calculated for the Ce model of 
(CH) ,O---HC1 and the sum of the rotational constants of 
gauche —1,2-dichloroethane is very close to the sum of 
the rotational constants of the Ce model, being 0.4628 
and 0.442 cm =, respectively. Box II of Figure 15 dis- 
plays two AC hybrid bands of gauche 1,2-dichloroethane 
with A:C ratios of 6:4 and 4:6. The AC hybrid band due 
to the symmetric C-O stretching mode in the Ce model is 
predicted sto ~have.an »A:Cixratio toh approximately unity 
and should, therefore, correspond closely to the bands 
shown in box II of Figure 15. Each of these bands has a 


prominent Q branch, a PR separation of about 10 om™+ 


and a half-width of about 25 cm /. 

The half-widths of the bands predicted for both the 
Ce and Coy models are close to the observed value of 20 
cmt, but neither model predicts band shapes which cor- 
respond at all to the shape of the band at 912 cmt, Lor 
which no P, Q or R branches are resolved. The failure 
to predict the observed band shape must be influenced 
by the rather high population of the excited states of 
the es and Ve modes which must exist in the temperature 
Hange Studved. Thus, excitation of the symmetric C-O 
stretching vibration must take place simultaneously from 
a large number of vibrational states which differ only 
in the number of quanta of the Vy OF Ve modes which have 
been excited. Since the ve and Ve modes involve motion 
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of the hydrogen chloride molecule, large deviations from 
the equilibrium molecular geometry probably exist in these 
states. Transitions from these excited states should, 
then, give rise to significantly different band shapes 
from those predicted from the equilibrium geometry, and 
since the observed band is a superposition of the bands due 
to these transitions, any POR structure may well be lost. 


Clete | Infrared Spectra above 1500 ena 


In Figure 16, curve A shows the spectrum between 


ut 


2200 and 2800 cm ~ of a mixture of 250 Torr of dimethyl 


ether-h_ with 250 Torr of hydrogen chioridevat +35°C and 
curve B shows the spectrum of a mixture of 100 Torr of 


dimethyl ether-h, with 100 Torr of hydrogen chloride at 


6 
-30°C. Each spectrum was recorded with enough ether at 
+35°C in the reference beam of the spectrophotometer to 
cancel the free ether absorption, which is shown in 

curve C. The sharp lines visible on the high frequency 
sides of the bands in curves A and B arise from free 
hydrogen chloride. The pressures of the components in 
the mixture at -30°C were smaller than in the mixture at 
+35°C but, as a result of the larger equilibrium constant 


fom ecOrmacuon Or @(CH O---HCl at the lower temperature, 


3)2 
the concentration of (CH, ) ,0---HC1 was approximately the 
same in both mixtures. Curve A displays a broad band 


with a half-width of about 250 cm > and its absorption 
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FIGURE 16.9 [nirared: absorption, by: 250 Torr of dimethyl 
ether-h> plus) 250 Torr of hydrogen chloride at +o5 Cc 
{curve A) 79100 "Torr of dimethyl ether-h, pluseLoC ler: 
OL snvdrogenschloride at -=30°C (curve Bj Slo0o@ Torr or 
dimethyl ether-h> at 4+35-Cy(curve CC). Curves A ands 
were recorded with 250 and 100 Torr, respectively, of 
dimethyl aa aters5°C. inteplo tem dengicellL. anagthe 
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maximum at 2574 dine Also evident are shoulders of ap- 


proximately equal intensity at about 2680 and 2480 ante 


as well as a third, weak shoulder at about 2360 cmt, 

The shape of the band is identical to that reported by 
Bertie and Millen (73), who assigned the absorption maxi- 
mum to the HCl stretching mode, ee and the three shoulders 
to various combination transitions of ve with the hydrogen 
bond stretching mode, ves Thus the shoulder at 2680 sao 
was assigned to the sum band, we + Vee which represents 


the vibrational transition, we = 90> 1, we = Oe jeg 


The shoulders at 2480 and 2360 em”? were assigned to the 


difference bands Noe - ve i C.eothnes transl Lon ge = gee be 
vs = 18+) |), and Le - 2V or the transition Nee i @ ie 2 Ia 
V_ = 2-> 0], respectively. On the basis of this assign- 


O 
ment one expects the intensities of the features at 2480 
and 2360 cm + to decrease relative to the absorption maxi- 
mum as the sample temperature is lowered, since difference 
transitions originate in excited vibrational energy 

levels (42). The relative intensities of the features 

at. 25/4 and 2650 cm + should show little temperature de- 
pendence if the above assignment is correct, since both 
features are assigned to transitions originating in the 
vibrational ground state. Comparison of curves A and B 


1 ° e 
is less intense 


shows that the weak feature at 2360 cm_ 
relative to the absorption Maximum at -—30°C than at 735°C, 


which is consistent with its assignment to a difference 
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band. However, the intensity of the shoulder at 2480 cmt 


does not appear to be dependent upon the temperature al- 
though the entire portion of the band to high frequency 
of the absorption maximum has lower intensity relative to 
that of the maximum at -30°C than at +35°C. These obser- 
vations contradict the assignment of the 2680 om ! feature 
to a simple sum band and the 2480 cma feature Co a dit=— 
ference band. 

Ingragure 27, curve A shows the spectrum between 


mi 


2200 and 2800 cm of a mixture of 250 Torr of dimethyl 


ether-d_ Wren? 250" Torr of hydrogen. chloride at +35°Cyand 
curve B shows ithe spectrum of a mixture of. 100 Torr /of 


dimethyl ether-d, with 100 Torr of hydrogen chloride at 


6 
-—30°C.) Thevabsorption shown in curve A is- identical to 


that reported by Bertie and Millen (73) for (CD) ,0---HCl. 


3)2 
Comparison of curves A and B shows that the effect of 
Sample temperature on the absorption by (CD,) ,0---HC1l is 
the same as that observed for (CH,) ,0---HC1. The only 
differences between these spectra and those shown in 
Figure 16 are that for (CD) ,0---HC1 the 2480 om * feature 
rs Slightly better resolved as a peak at. the lower tem- 
perature, the absorption maximum is slightly narrower 


than scorn (CH O---HCl and an absorption corresponding to 


3)2 
the weak feature at 2360 cm + in (CH) ,O-~-HC1 is not 
visible. The latter difference is due to overlapping 
absorption by the C-D stretching modes (95,96) in both the 


free dimethyl ether-d-. (curve C) and (CD,),0---HC1. The 
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FIGURE 17. Infrared absorption by: 250 Torr of dimethyl 


ether-d_ plus) 250) TOrr on hydrogenich loridereat135-C 


(curve A); 100 Torr of dimethyl ether-d, plus 100 Torr 


6 
OLE Hydrogen chloride at —30°C (Curve BB): 50 Torr of 


dimethyl ether-d_ at o> Oa (Cunve Ce a CULVeSe Aranda 


were recorded with 250 and 100 Torr, respectively of 


dimethyl ether-d_ aGe35 Cline a Lech Long celle mnatLne 


reference beam. 


"bes ae sna | sabi & 
Lyddom@ie ts srolt ORS cy uadsazonts bexmxtaz - AaUOTE : 
S°2E* te erro neporbyd So we? O25 eviq ,b-zente 
sat 09! slg girsere Syabiomes Yo 10E 00d (th ewxit) - 
io set Ge ¢ fa Seu) “*0L~ fe Sbizoldo capeabid See ii 
@ brie A ears0d [9 svwoy BYE de \o-v0iw aye 
: ene vise! O07 Sims 02f Aatw baboon, a 


oid At Mow enol mk & Wk SAALy an ,b~renze J | 


: pon ; : : : 7. 
: mod 

o> is ir : : iw Dat We sid ool 

6 | | vy i 8 a - 7 ; / o 

i : - “ " a 

a ae “24 @ - - 7 “ah : i _ 


89. 


smaller width of the absorption maximum of (CD Cae. 


3)2 
may well be due to the moments of inertia of this molecule 


being larger than those of (CH O=---HC1, and causing a 


3/2 
narrower rotational envelope for each vibrational transi- 
cLON. 

Since the shape of the band at the two temperatures 
is independent of the ether used, the general interpreta- 
tion of the structure of the band given by Bertie and 
Millen (73), that it is due to sum and difference bands 
of the type ve aa nV , with no influence from Fermi reson- 
ance, must be correct. However, on the basis of the ex- 


perimental evidence presented above, it is more reasonable 


to assign the 2480 om7+ feature to Ds and the absorption 


maximum at 2574 ai to ue S vee Thus the sum band, 
ve + 2V r must contribute to the intensity at 2680 ne 
and the difference band, is - vee must contribute to the 


2360 cm? absorption. The observed decrease in intensity 


ae 2680) cm — 


with decrease in temperature can be explained 
by postulating that hot transietions oF By + 2V, of the 

type ive =< Or Ly ne =n-> n+ 2), where n is a non-zero 
integer, make an unusually large contribution to the in- 
tensity. in ay study concurrentjwitimy but independent ror 
this work, Lassegues, Huong and Lascombe (106,107) have 
quantitatively studied the ve band in (CH) ,O---HC1 between 


-50°C and +90°C, and have shown that the temperature de- 


pendence requires an assignment of this sort. These authors 
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obSeirvedythat the intensities of tthe features at 2360 
and 2680 cm + show temperature dependencies which are 
compatible with “transitions starting in Vevels which are 
higher inwenergy by approximately 1.8 quanta of ve than 
the starting levels for the transitions associated with 
the 2460 and? 2574 cm 1 features. This implies: that, -if 
the transitions Neg =) Qo Fd, pe = 0 > 0]* and [Ve =O 1, 
ve = 0 > 1] make the major contribution to the intensity 
at 2480 and 2574 en, respectively, the hot transitions 
ie See Qe- ale, the, = 2 -> 4] and ae Se aly ve =e Ghee alll) y 
must. make the major Contribution to the intensity et 2680 
and 2360 sill ay respectively. 

It seems clear, however, that these four transitions, 
each of which should have a rotational envelope of about 


25-30 ane 


(SeECETON 3.4), Cannot accOuUne for the ditesuce— 
ness of the entire band unless some special mechanism, 
such as an abnormally large effect of centrifugal distor- 
tion (106), broadens the rotational envelope of each 
transition. Any such efiect can only be Operative in the 
We = 1 (and possibly ve = 1 and = 1) states, because 
the half-widths of the bands due to the ethereal modes 
and Vist for which he = 0 (and ve = ue = 0), can be 
explainea WiLnouc 1nvoking It.) It seens more Wakely 
that, in addition to the four transitions proposed above, 
ELanepeLoge starting an dir rerente ee levels also contri- 


bute signicicantly to the intensity Of each sub=band and, 


due to mechanical anharmonicity, the antensity can be 
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spread out over a large frequency range. It is also pos- 
sible that hot transitions of the aS vibration from ex- 
cited Ve states, which have been shown to be important in 


the interpretation of the spectra of CH,CN---HCl (54) and 


3 
CHECN=—--He (55), contribute to the diftuseness of the ve 


3 
band in (CH,) ,0---HC1. It is probable that these hot 
transitions are responsible for the slight shift of the 
ue band and sharpening of the 2480 em™* feature at the 
lower temperature. 

The assignment of the absorption maximum to vg + We 
rather than to ve and the implication that hot transitions 
contribute significantly to the intensity of the whole 
band can be rationalized in terms of the vibrational 
Franck-Condon effect dian 1.6). From a consideration 
of the observed band and its assignment, reasonable pot- 
ential energy curves, such as those shown in Figure 18, 
can be drawn to illustrate this effect in (CH,) ,0---HC1l. 


a 


The energy separation of the curves, given in cm ~ for 


easy comparison with vibrational frequencies, is about 


2500 cm + close to the minima and 2886 cm™*, equal to the 


vibrational frequency of free hydrogen chloride (91), at 
large O---Cl distances. The dissociation energy of 2485 
cm + is the equivalent of the mean value of 7.1 kcal/mole 
reported by Govil, Clague and Bernstein, (84)... Theyascsign-— 
ment of ve at 2480 cm + and of vege ie dtwes aU ems yields 


a value of 120 om for the separation of the Ve = 0 and 
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PIGURE 18.) The Stepanov “energy Level’ sciiemeo for tne 
interaction of the Os and ibe modes in (CH,),0---HCl. 
V_ and ve are the quantum numbers for the HCl and 
hydrogen bond stretching vibrations, respectively, 
and the curves drawn on the energy levels are the 


squares of the wave functions. 
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We = 1 levels when Me = 0, which agrees very well with the 
observed frequency at 119 emi When va = 1, the separa- 
1 =", 


tion is 94 cm ~ if the assignment of the 2574 cm fea- 
ture is correct. Thus the force constant for the ve mode 
must be smaller when es = 1 than when ve = 0, which implies 
that, although the potential curve for the ve = 1 state 

has a deeper minimum than that for the es = 0 state, the 
Minimum for the ves = 1 state is broader, so that the cur- 


vature is less. Since the intensity of Wee te’ is greater 


Oo 
than that of vG the upper minimum must occur at a dif- 
ferent O---Cl distance than the lower minimum, causing 
the transition Bes = 0g i: ve = 071] to be more probable 
than the transition ive = 01 Ve = 0-> 0]. The differ- 
ent equilibrium distances for the two ve states can also 
cause transitions starting in excited ve levels to be 
more probable than the corresponding transition from the 
ground state. 

Figures 19 and 20 show spectra between 1500 and 2000 
cm 7 of 1:1 mixtures of deuterium chloride with dimethyl 
ether-h_ and with dimethyl ether-d_, 


(curves A) and at +30°C (curves B). The spectra were re- 


respectively, at -30°C 


corded with enough of the appropriate free ether in the 
reference beam of the spectrophotometer to cancel the 
absorption by the free ether, which is shown in curves C. 
Absorption by free deuterium chloride was not subtracted 
from these spectra and appears as the rather sharp lines 


on the portion of the bands above 1850 cm +, The broad 
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FIGURE 19. intraarea absorption by: 100) Torr .or dimethy 1 


ether-h, plus 100 Torr of deuterium chloride at -30°C 


(Curve) ;. 250) for, of dimethyl ether-h plus 2500 Tore 


6 
Of ceurerium chloride at F30°C (curve BJE 250) Torrvor 
dimethyl ether-h, at +30°C (curve C). Curves A and B 
were recorded with 100 and 250 Torr, respectively, of 


diemthyl ether-h_ ate+30°Csinea: LOSCm a longucelisan the 


reference beam. 
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FIGURE 20. Infrared absorption by: 100 Torr of dimethyl 


ether-d> plus 100 Torr of deuterium chloride at -30°C 


(Curve: A);..250 Torr of dimethyl ether-d~ plus "250 Torr 


6 


of deuterium chloride at +30°C (curve B); 250 Torr of di- 


methyl ether-d. at +30°C (curve CC). Curves A ‘and B were 


6 
recorded with 100 and 250 Torr, respectively, of dimethyl 


ether-d> at +30°C in a 10 cm. long cell in the reference 


beam. 
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bands which are evident in curves B of Figures19 and 20 


have half-widths of about 100 ema and their absorption 


maxima at 1850 cm? but display considerably different 


features. In (CH,) ,0---DC1 (Figure 19) this band has 
1 


shoulders at 1905, 1810 and 1785 cm in addition to weak 

absorptions at 1700 and 1580 on ae In (CD) ,O---DC1 

(Figure 20) the band has shoulders at 1900, 1800 and 1680 
-1 


cml) CurvesvA of Figures 19) and"= 20" show ‘that, =although 

at the lower temperature the absorption bands shift to 
lower frequency by about 5 cmt, all of the features 
present at +30°C are also present at -30°C. These features 
are, however, less intense relative to the absorption 
Maxamumiat=—-30°2C than at +30°C8s Curve Alin Figurer20 

also shows that the band in (CD) ,0---Dcl at=305Cehasran 


additional shoulder at about 1870 ones 


1 in the 


The absorptions between 1700 and 2000 cm 
spectra of mixtures of deuterium chloride and ethers have 
been assigned by Bertie and Millen (25) to the DCl stretch- 
ing mode, vy in the 1:1 complex of deuterium chloride 
with the appropriate ether. These authors noted that the 
“2 bands of several ether-deuterium chloride hydrogen- 
bonded molecules are similar to those of the ether-hydro- 
gen chloride molecules, with the side bands due to combin- 
ations of we with os weaker for the deuterated acid. How- 


ever, the details of these bands in (CH) ,O---DC1 and 


(CD) ,O---DC1 cannot be entirely explained in this way 
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and there are differences between these two bands which 
must be explained. The feature at 1870 cm” 2 is present 
only in the spectrum of (CD,) ,0---DC1 (Figure 20) and must, 
therefore, arise from an ethereal mode. It can be attri- 
buted to the summation transition due to the combination 
of the symmetric C-O stretching mode at 816 cm + with a 
CD, deformation mode at 1057 ene (Tablewl) aiclhve tran= 
sition absorbs weakly in the spectrum of the pure ether 
and is, therefore, probably enhanced in intensity in the 
spectrum of (CD) ,0-~-DC1 by a Fermi resonance inter- 
actnonmy(Section 1.6) with the ve mode. The shoulder 
close to 1800 cm + appears as a Single feature in the 
spectrum of (CD) ,O---DC1 but as a doublet in the spect- 
LUM sof (CH,),0---DCl. This doublet may be due to a Fermi 
resonance type of interaction between the first overtone 


1 (Table 


of the symmetric C-O stretching mode at 912 cm 
1), and the mode giving rise to the absorption close to 
1800 on causing the single shoulder to split into two. 
No overtone or combination transition in (CD) ,0---DC1 
is available for such an interaction close to 1800 cm + 
and jthus no splitting of thisishouldex joccurs, 1m the 
spectrum,of thas molecule. . The final difference between 
the spectra of (CH,) ,0---DCl and (CD) ,O--~DC1 is the 


: in the spectrum of the 


presence of a feature at 1580 cm. 
former molecule. A band at this frequency is also evident 


in the spectrum of (CH, ) ,0---HC1 and undoubtedly corres- 


airairiae aiid uh noliteney 
6 dvtw [pe BER 96 ebom =i Sa oeaanae eee 
+4 Sue (Uawtdet) “nr TeO) ge stom aotsana@reb |g 

setts. sipped Bo mstosqe aa 1h. yiisew edroeds nolske 
add mt gotenetal ot doonerins yi derderq’ oteneds 22 bits 


“a5sut eonetessy ort 5 5 Oe (ay lo muxzgoegqa 


tblvels eth obo vy add wire (3.0 noktoe2) woisos 

sre ct eftuges2 vioni=a 6 26 eaeeggs A 0084 of gaol 
-sogep Bbr na idefivor 2 25 Jue LOO, hI} ‘Yo muitjosge 
lete't & 6d Sub ad yor teldvob aide |. aah, (ee 
s1@3 eve 22227 ods wpawsed aoproevedad to egy’ etaaaogez 
SidsT gp Sie +2 shum paidogecrve On Qraiviemaye eff 26 
6) Sa@te medaqroous =4s oF cata pittvig ahem sft bas (t 
ou? @ank 2hl¢ge ov isbiverfe sinete ofo puenge Ae goer 
£0 = hg b>) ai wokoteist+ hotgonitless yo enosseveret 
ors NGGE of eecla aeiies 152014 ae pee 704 sidatieve 2A 
ada ab exo whivsde ethd t¢ ph igdliqe on ated bas 
geeNIse. Goderw IAG tank one slucetha whdt Ye, mdeege 
Sais eP EOG—— 9%. (,G3) las (erly) to. eadeege awed 


Jaailinatidts ei vaneuped? elas 48 feed AO cofecslom seamed 


-dess0n ylby ideo boas. [OS Ha-Gel pM) io mriiceqe) watt 


Mexsoeqs edt «i ‘hin CBRL 28 eRUt gee & 26 ounexerg,” 


w. 
: 


4 & 


oa 


ponds to a weak band at essentially the same frequency in 


the spectrum of dimethyl ether-h, (Figure 19, curve C). 


6 


This band must also have enhanced intensity in the spectra 
of the hydrogen-bonded molecules as it would otherwise 

not have been observed because of the ether in the ref- 
erence beam. 

It is clear that the ve bands in the spectra of the 
deuterium chloride complexes differ significantly from 
those in the spectra of the hydrogen chloride complexes 
in a way which is not simply due to the combination bands, 


es a nV ys being weaker for the deuterated acids (25). The 


absorption maximum in the spectrum of (CH G---DCl7 oF 


3) 2 


O---DCl is accompanied by shoulders about 50 cm? 


(CD), 


to either side and, in view of the assignment of the v 
1 


B 


modes at about 50 cm. (Section 540) ;- Lt, eeneturalto 


assign the maximum to wl and the shoulders to sum and 


difference transitions of the type Ms Be Wri gis cleicleran sel 


B 


decrease in intensity with decreasing temperature of the 


feature at 1900 eee assigned to she + v., is explained 


B 


by assuming that transitions of the Ey ener (n+l) vp - NV g 


COnuribute Signiticantly to this intensity through the 
vibrational Franck-Condon effect. The assignment of ve 


at esovcne 


yields’ 1.340 Tor the ratvo of tie trequenties 
of V5 in the hydrogen chloride and deuterium chloride 
complexes, This value indicates” that Lhe -anharmonicrry 


of ve in these complexes "1s Qredter than thatiol the cor-— 
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responding mode in the ices, where the ratio is 1.354 
(106), but ais not extraordinarily large. 

It is noteworthy that 1:1 mixtures of ether and 
hydrogen chloride at -30°C, with a total pressure of 
2007 TOrr, and at +352C ~ywitth a total pressureTo£ eso? 
Torr, gave rise to ve bands with approximately the same 
integrated absorbances but identical mixtures of ether 
with deuterium chloride always gave rise to ve bands 
which were more intense at the lower temperature. This 
suggests that there is a slight increase in the tempera- 
ture dependence of the equilibrium constant for formation 
of the hydrogen-bonded molecule when deuterium chloride 
is used in place of hydrogen chloride in the mixtures, 
and therefore, that AH, the enthalpy change for forma- 
LiOngOt, Chesaydrogen bond 15. larger for (CH,) ,O---DC1l 


than tor, (¢Ce O---HC1l. Unfortunately, no accurate 


32 
computations of the heats of formation of these molecules 
are possible fromthe spectra presented above since 


neither the amounts of the free components in the mixtures 


nor the intensities are known accurately. 


3.6 Relative Intensities of the Bands 

In Table 2 the frequencies and approximate relative 
intensities of the bands in the spectrum of (CH,) ,O---HC1 
are presented. Since the most intense band is that due 
to Vor Ets intensity “1s-given-anwarbitrary value of 100, 


so that the values for the intensities of the other bands 
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TABLE 2 


Frequencies and Relative Intensities of 


Absorption Bands in (CH,) ,0..-HC1 


v/cm Assignment Intensity 
(Arbitrary Units) 
2675 
2574 HCL stretch, 
2480 ve 100.0 
+2360 
1465 CH. deformation Sac 
1248 CH, rock G5 
a gh 7 fa CH, rock 18.0 
0977. * asym. CO stretch ton0 
oN Symm. CO stretch DOr e 
790 2Vh1 2V,- Ois5 
570 
525 O---H-Cl deformation v,, v,. Delile 
470 
415 C-O-C deformation 
DIES, O--H stretch ve Vas 


a) The intensity was measured for (CD) ,0-~-HC1 
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can be regarded as percentages of this intensity. The 


relative intensities of the bands above 850 cm + 


should 
be quite reliable because theywere all measured, with aid 
of a planimeter, froma single absorbance spectrum of a 


mixture of 20 Torr of dimethyl ether-h. with 5850 Torr 


6 
Of hydrogen chloride-ati10°C. . However, the relative in- 


tensities of the bands below 850 aie 


must be regarded 

as approximate as they were determined by calculating 

the integrated absorbance per atmosphere of complex (25) 
for each of these bands and comparing this value with 
that calculated for the ee band. The equilibrium con= 
stant used to calculate the amount of complex present was 
computed from themean enthalpy and entropy of formation 
reported by Govil, Clague and Bernstein (84). However, 
the errors on their values of the enthalpy and entropy 

OL formation allow they ecquilibrium constant. at (0°C to ire 
between 0.15 and 9.5, standard state 1 atmosphere. Thus, 
the ee intensities quoted for the bands below 850 
om? may be considerably in error because widely differ- 
ing pressures and temperatures of the component gases 
were required for the different bands and the intensities 
obtained markedly reflect the value of the equilibrium 
Gonstant that was used. It should benoted that the 
Telative intensity Of. the O-—--H-Cl detormation modes was 
determined for (CD) ,0---HC1. The Limited) portion oF 

the band that was observable in (CH) ,O---HC1 indicated 


thatethe antensity was approximately the same) Inthe sevo 
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36/7 > Summary 

The most significant results of this study are 
that: 1) the assignment of the oe mode of (CH) ,O--- 
HCiMnecaneto” P20 em + is confirmed by the observation 
of absorption in this region in the spectra of 


(CH and vy 


3)2 b t 
1 


modes give rise to absorption near to 470 cm ~~ for the 


O---DCl and (CD) ,O~--HC1; 2) the v 


HCl complexes and near to 360 om Por "thes DCis com-— 
plexes. These absorptions are complicated, probably 


due to interaction with the Ve modes, which are de- 
duced to be at about 50 cm 2; 3) an analysis of the 
shape of the band due to the C-O symmetric stretching 


modes OBA(CH O---HCl does not indicate the geometry 


3) 2 
of the molecule, as previously suggested; 4) the 


fundamental be absorption by (CH O=-=-HCl is at 


3)2 
2480 om + and not at 2574 em + as previously postu- 


lated: and 5) combination transitions of the type 


a 2 NV cause shoulders 50 cm? away from the peak 


due to uae in the DCl complexes. 
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CHAPTER 4 


VIBRATIONAL ASSIGNMENT AND NORMAL COORDINATE CALCULATIONS FOR 


FOUR ISOTOPIC MODIFICATIONS OF ETHYLENE SULPHIDE 


An General Introduction 


The infrared spectra of ethylene sulphide-h ethylene 


a 
sulphide-d,, Cis-—1,2-dideuterioethylene sulphide and trans- 
1,2-dideuterioethylene sulphide have been measured in this 


laboratory by D. A. Othen (109). Hereafter in this thesis 


these compounds will be referred to as CoH,S, C,D,S, CLS= 
CD,H.S and trans-C.D,jH.S, respectively. Raman spectra of 
liquid C.H,S and C,D,S were also recorded by D. A. Othen 
(L029). 


These spectra were assigned as part of the present 
work and normal coordinate calculations were carried out to. 
determine how well a harmonic valence-force field contain- 
ing selected force constants could reproduce the frequencies 
of the fundamental vibrations of all four isotopic modifica- 
tions of ethylene sulphide. The calculations were also 
desired to assist the assignment of the spectrum of tCrans- 
C5D.,H.S, to check the mutual compatibility of the assign- 
ments of the four molecules, and to determine the form of 
the methylenic vibrations for the HCD groups. 

The structure, symmetry and vibrational coordinates of 
ethylene sulphide are given in Section 4.2 and the previous 


studies of the vibrations of ethylene sulfide are reviewed 
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in Section 4.3. The frequencies of the features observed in 
the spectra of the four isotopic molecules are presented and 
assigned in Section 4.4. The computer programs used in the 
normal coordinate calculations and various input data are 
described in Section 4.5 and the development of the force 
field is summarized in Section 4.6. The results of the cal- 


Culations are discussed in Section 4.7. 


a2 structure, Symmetry and Vibrational Coordinates of 
Ethylene Sulphide 


Tne structure -ofF CoH, 


Cunningham et al(110) by means of microwave spectroscopy. 


S has been investigated by 


This molecule was found to have Coy symmetry and the struc- 


ture shown in Figure 21. In this work the atomic sites are 
referred to by the numbers which appear in Figure 21 as sub- 
scripts to the atomic symbols, and the bonds are referred 
to by the numbers which appear in parentheses beside them. 
In each of the four isotopic modifications of ethylene sul- 


phide discussed in this chapter, atoms 1, 2 and 3 refer to 


o2S. 12, and 12, atoms, respectively. In C5D,S, which has 


Coy symmetry, dtoms 4, 5, 6 and 7 are deuterium atoms. In 


cis-C,D,HS, which is assumed to have Ce symmetry, atoms 5 


and 7 are deuterium atoms, and in trans-C.D.H.S, which is 


assumed to have Cc. symmetry, atoms 4 and 7 are deuterium 


atoms. 


Also shown in Figure 21 is the orientation of the 
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FIGURE 21. The structure of ethylene sulphide. In 


this drawing Hy and HY, which should lve*directly 


4 6 
under H. and Ho, respectively, have been offset for 
clarity. The number in parentheses beside each 


bond is used to designate that bond. 
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ethylene sulphide molecule with respect to the three Cartes- 
ian axes, and this orientation is the same for all four iso- 
topic modifications. The x-Cartesian axis is parallel to 
tne ¢€-C bond, andthe plane formedabysatoms 1, 2and 3 is 
the zx plane. 

The bond angles and bond lengths in C5D,S, cis-C.,D,H.S 


and trans-C.D,H.S are assumed to be the same as those in 


C.H,S (110), and are shown in Table 3. The rotational con- 
stants, A, B and C (Section 3.4), were calculated for each 
isotopic modification using these parameters and the appro- 
priate atomic masses (101), and are presented in Table 4. 
The rotational constants are used in Section 4.4 to predict 
the rotational envelopes of the various vibrational transi- 
tions. 

The fifteen fundamental vibrations of C HS form the 


2 


representation (111) SA, + 3A, + 4B, + 3B. under the point 


, and since c.D,8 also has Coy symmetry, its vib- 


rations also form this representation. The vibrations of 


group Coy 


cis-C.D.,H,S form the representation 8A' + 7A" under the 


point group Ce and those of trans-C.D,H S form the represent- 


2 
ation 8A + 7B under the point group C.- In this work, the 
fundamental vibrations are numbered in the order of decreas- 
ing frequency within each symmetry class, following the 
convention introduced by Herzberg (112). Thus in CHAS and 
C5D,S, Vv) through v 
through v 


5 refer to the five Ay vibrations, Ve 


8 tefer to the three A. vibrations, Vg through Vio 
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TABLE 3 


Molecular Parameters” of Ethylene Sulphide 


cnee iea7i orn 
sie aie 
daae TeOgzTie A 
c-é-s 66.091° 
c-8-c 47.818° 
H-C-H 115.900° 
H-C-c 117. 835° 
Hece-G 119.570° 

ci 106.567° 

a) From reference 110. 


b) a is the angle between the cCH and cSc planes. 
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Rotational Constants® of Four Isotopic Modifications 


Molecule 


cis-C5DH5S 


trans-C.D,H5S 


TABLE 4 


0.7479 


0.5256 


0.6209 


0.6174 


a) Units are cm 


of Ethylene Sulphide 


0.3608 


0.3068 


0.3314 


023330 


042696 


Ol 298 


0.2470 


0.2463 
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LOS: 


refer to the four B, vibrations and V3 through Yas refer to 


the three B. Vibracions. #0n cis-C,D5H.S OG trans-C.D.H,S, 


Ve through Vg refer to the eight A‘ or A vibrations, respect— 


i 


ively; *andeyv,fthrough v refer to the seven A" or B vibra- 


9 PS 


tions, respectively. 

The internal coordinates (100) of ethylene sulphide, 
which are used in the normal coordinate calculations (Sec- 
tion 4.6), are listed in Table 5 and are defined with respect 
to Figure 21. The coordinates which describe the stretching 
of valence bonds are denoted Rj where i refers to the bond 
number shown in Figure 21. Thus R, is the coordinate which 
describes the Stretching Of “a (C-H bond at carbon atom. 2.2n 
C.H,S and cis-C,D,H.S. In C,D,S and trans-C,D.H5S, Ry 
describes the stretching of a C-D bond at carbon atom 2. 
The coordinates which describe changes in valence angles 


are denoted a. where j and k indicate the two bonds form- 


ie 


ing the angle. Thus Aas is the coordinate which describes 


the change in the HCH angle at carbon atom 2 in CHS and 
the changes in the DCD and HCD angles at carbon atom 2 in 
C,D,S and ecus—s0r trans-C.D,H.S, respectively. 

Five of the twenty internal coordinates defined in 
Table 5 must be redundant since there are only fifteen 
genuine vibrations in each isotopic modification of ethylene 
sulphide. Three of these redundancies arise since six in- 


ternal coordinates, Ry Ro, R31 Ai" A1>5 and A537 are defined 


in the CSC ring, which has only three degrees of vibrational 
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Internal Coordinates 
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TABLE 5 


* for Ethylene Sulphide 


g10. 


Description 
C5-C3 SLLeLcn 
C375) Stretch 
CoS) Stretch 
C.-Hy Stretch 
Co-H, SCLecch 
pers Stretch 
C,-HO stretch 
H,-C,-H, Bend 
H_-C5-H, Bend 
$)-C,-H, Bend 
$,-C5-H, Bend 
$-C4-H, Bend 
S,-C4-H, Bend 
C4-C,-H, Bend 
C4-C,-H, Bend 
C5-C3-H, Bend 
C,-C-H Bend 
$,-C,-C, Bend 
$-C4-C, Bend 
C,-8-C, Bend 


a) Defined with respect to Figure l. 
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freedom. The other two redundancies arise since only five 

of the six angle bending coordinates defined about each 
carbon atom are independent. In order to take full advant- 
age of the symmetry of each isotopic modification, it was 
necessary (tO use all twenty internal coordinates to construct 
symmetry coordinates (111). The symmetry coordinates for 


C.H,S are the same as those for CD,S and are presented in 


Table 6. These coordinates form the representation 8A, ate 


3A, + 6B, + 3B, Under thespoint group Cc and a comparison 


2 QV" 


of this representation with the vibrational representation 


op CoH,S or c,D,s shows that three Ay and two By symmetry 


coordinates are redundant. The symmetry coordinates for 


Cis-C HAS, which are presented in Table 7, form the rep- 


Dee 
resentation 11A' + 9A" under the point group C. and, thus, 
three A' and two A" symmetry coordinates are redundant. The 


symmetry coordinates for trans-C.D.H S, which are presented 


2 
in Table 8, form the representation 1l1A + 9B under the point 


group C. and, thus, three A and two B symmetry coordinates 


2 
are redundant. All redundant coordinates were included in 
the eoiemiacions and yielded zero roots upon solving the 
secular equation (100). 

TE as usual (113-116) sto describe the vibrations of 
CoH,S as either 1) a C-H stretching mode, 2) a ring deform- 
ation mode, or 3) a methylenic angle bending mode. In 


Certaim cases the description {om form, or normal coordinate) 


of the vibrations is approximately given by the appropriate 
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TABLE 6 


Symmetry Coordinates® for C,H,S and C,D,S 


Coordinate 


Number 


ise 


TABLE 6 (continued) 


Coordinate Description Symmetry 
Number 

S E Q. Zs 3 = B 

16 Dee ea ie alee 17 iL 
: ! 

S = <@ - a B 
LT J3 Ss 12| 1 

Ss 1 Rew Rew 4d Rewer B 
18 2 4 5 6 ii 2 

S i Q - a ap ©! = @ B 
19 2 34 35 26 bsg | 2 

Ss i oF - a + a - a B 
20 2 14 hes 16 La 2 


a) Defined with respect to the internal coordinates in 


Table 5. 
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TABLE 7 


Symmetry Coordinates* for cis-C,D,H.S 


Coordinate Description Symmetry 
__Number : on 
sy Ry At 
S, z R, + R, A! 

S3 3 Ry + Re Is 
S, z R, + Ry A! 
=5 : \45 °6| a 
6 a 34 e a a 
= a }o535 say | oe 
6 ie ee te ii 
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Table 7 (continued) 


Coordinate Description Symmetry 
Number 5 
Hf " 
6 a |e, : 226 B 
18 
S — Ja - a ya 
7 = 35 27| 
L " 
Sig 5 }e14 “16 = 
1 = } 
Pi5 5 {915 "17 ~ 
1 ii 
S50 - is a10| : 


a) Defined with respect to the internal coordinates in 


Table 5. 
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TABLE 8 


-C,D,H,S 


Lor trans 
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Symmetry Coordinates 


Symmetry 


Description 


Coordinate 


Number 
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TABLE 8 (continued) 


Coordinate Description Symmetry 
Number 
16 2 {34 - “27 i 
=e Als zs “26h = 
Sig = {14 aa) : 
219 = Se ke 116 a 
$30 ie . asf 2 


a) Defined with respect to the internal coordinates in 


Table 5. 
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symmetry coordinate. Thus, because the C-H stretching vib- 
rations have much different frequencies from those of the 


other modes, their forms can be expected to be closely 


approximated by the symmetry coordinates S31 Sg S33 and 
Sig (Table 6). Those vibrations approximated by S3 and 
S are called symmetric CH, stretching modes while the 


UES: 2 


other two are called asymmetric (or antisymmetric) CH, 
stretching modes. There are three vibrational modes which 
involve deformation of the CSC ring. Since there are six 
symmetry coordinates in Table 6 which describe ete ee ena 


S and §S three of these coordin- 


2a ie oe ate 17)" 


ates must be redundant. Although all coordinates are in- 


tions (Si, S S S 
cluded in the calculation, the ring deformation modes will 
be qualitatively described by the symmetry coordinates, Sir 
S, and Siar which correspond to the C-C stretching mode, 

the symmetric C-S stretching mode and the asymmetric C-S 
stretching mode, respectively. 

The remaining eight vibrations in C.H,S are usually 
classified as deformations, wags, twists and rocks (117) of 
the methylenic groups. Each of these terms describes dis- 
placements which are defined by linear combinations of the 
symmetry coordinates in Table 6 which involve the SCH and 
CCH angle bending coordinates. The methylenic deformations 
are described by S. =F Se and Sis + Sig and refer to the sym- 


metrical 'scissors-like' bending of the HCH angles. Because 


of redundancies, the methylenic deformations can also be 
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described by the symmetry coordinates S, and Sia o£ Table 6. 


The term 'methylenic wags' refers to the 'fan-like' motions 
of the methylenic groups perpendicular to their own planes, 


and are defined by Se . Se and Sis = S16: 


twists are defined by Sio = Si and Sig S Soo! 


to restricted rotation of the hydrogen atoms about the bi- 


The methylenic 


and refer 


sector of each HCH angle. The methylenic rocks are defined 


il and Sig + Says 


of each methylenic group about an axis perpendicular to its 


by Sio +S and refer to the rotary motion 
plane. It must be emphasized that these terms are only 
approximate descriptions of the vibrations and normal co- 
ordinate calculations indicate that many vibrations are much 
more complicated than these simple terms imply. Nevertheless, 
this terminology is useful, and has been applied by others 
(113-116) to ethylene sulphide, and is used in this work. 

The terminology given above can also be used to des- 
cribe the vibrations of C.D,S. There is, however, no anal- 
ogous terminology to describe the methylenic vibrations of 
Gis— and trans-C.D,5H.S. For simplicity, the vibrations which 
involve changes in the CCH and SCH angles (or CCD and SCD 


angles) will be referred to as CCH (or CCD) deformations 


until the calculated form of these vibrations is presented. 


Aas Previous Studies of the Vibrations of Ethylene Sulphide 


The vibrational spectra of ethylene sulphide-h, have 


been studied several times. In 1940, Thompson and Dupre ke® 
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reported the infrared spectrum of the gas and the Raman 
spectrum of the liquid, with the unavoidably low frequency 
accuracy and resolution available at that time. In 195l, 
Thompson and Cave (114) repeated the work of Thompson and 
Dupré with better resolution and frequency accuracy, and 
showed that the earlier work was suspect. The following 
year, Guthrie, Scott and Waddington (115) reported the in- 
frared spectrum of the liguid for the first time. More 
recently, LeBrumant (116) has studied the infrared and 
Raman spectra of the liquid and the infrared spectrum of 
the solid, and Aleksanyan and Kuz'yants (118) have reported 
the infrared spectra of the gas, liquid and solid and the 
Raman spectrum of the liquid. 

The assignments of the fundamental frequencies which 
have resulted from these studies are shown in Tables 9 and 
10 for the liquid and the gas, respectively. The assign- 
ment of the fundamental frequencies of the liquid (Table 9) 
by LeBrumant (116) was not modified from that of Guthrie, 
Scott and Waddington (115) apart from a more precise de- 
termination of the frequencies, but Aleksanyan and Kuz'yants 
(118,119) have assigned the A, CH, wag at a higher frequency 


u 2 


than either of the A, ring deformation modes. There has 


ik 
been no experimental evidence to indicate the relative 
frequencies of the CH, wag and the C-C stretching mode, and 


the isotopic derivatives studied in the present work should 


resolve this problem. The A, modes appear very weakly in 
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Previous Assignments of the Fundamental Frequencies 


Description 


A, C-H stretch 


A, CH, deformation 


A. ring mode 


A, CH, wag 


A, ring mode 
A, C-H stretch 


A, CH. twist 


A, CH, rock 


B. C-H stretch 


By CH. deformation 


By CH, wag 


B_ ring mode 
B, C-H stretch 


B, CH, twist 


B, CH., rock 
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TABLE 9 


of Liquid C 


Guthrie 


et al 


3000 
1446 
ELIZ 
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625 


(3000) ° 
1427 
1051 
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3080 
943 
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H,S 


Tenens 


2994 
1446 
1111 
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(2994)° 
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et_ al 
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LeBrumant accepted the assignment of Guthrie et al. 


Values calculated from the frequencies of the corresponding 


Assignment of these features is not certain. 


Assumed to be nearly degenerate with ve 


oe 


Othen 


(895)¢ 
(2995) 


1431 


Bo modes. 


Deen) 


*FeR0t) 


ltel 


es 


*rrees) 


eget 


£20l 


th 3% alsd20d Yo srmengines sift betqsons | 

<Robow .& gathuoquadies sif2 Yo estousupeti, ad3 worl bozelualas. 
.pteo7ep Jeon bl agszwices) s¢edi to 3 

af Sie iotanaes vitae Ste 


* 12002) 


orel 
ofl 
ita 


Pee wae ON 


"oT! 
*eth 
* roped} 


(Sar noalssarroteb ite if os! 


rea ane sf Ae 


oad sbom quis (8 


oe — 


. 


a) 


b) 


TABLE 10 


A : 2 a 
Previous Assignments of the Fundamental Frequencies 


of Gaseous C,H,S 

Description Thompson and Aleksanyan and 

Cave Kuz'yants 
A, C-H stretch 3017 BOTS 
A, CH, deformation L471 1456 
A, ring mode mu eS 1033 
AL CH, wag 1107 1109.5 
A, ring mode 626 627.4 
A, C-H stretch = <~ se ae as = 
A, CH, twist ——- SO —— 
A, CH., rock ——— aa ae 
B, C-H stretch (3017)> (3013.5)? 
By CH, deformation 1440 1435 
B, CH, wag 1050 1050 
B) ring mode 685 668 
B, C-H stretch 3089 3084 
B.eCHs twist 825 944.0 

2 Z 
B. CH... rock 945 824.0 
2 2 
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Assumed to be nearly degenerate with Vy" 


ees 


Othen 


(3013)? 
1435.9 


1050.8 


945.2 


824.3 
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the Raman spectrum and are inactive in the infrared spectrum, 
and their frequencies cannot be regarded as well determined. 
For completeness, the fundamental frequencies, obtained by 
Othen (109) from the Raman spectrum of the liquid, which are 
used in this work, are also presented in Table 9. These fre- 
quencies do not differ significantly from those reported by 
Le Brumant (116) and by Aleksanyan and Kuz'yants (118). 

For the gas (Table 10), the fundamental frequencies of 
Aleksanyan and Kuz'yants (118) are consistent with those of 
Thompson and Cave (114) apart from the addition of 1033 ee 


as the frequency of an A, fundamental and the improved pre- 


AF 
cision with which the frequencies were determined. 

Aleksanyan and Kuz'yants have assigned (118,119) their 
frequencies of the gas following their assignment of the 
frequencies of the liquid (Table 9). This assignment dis- 
agrees with the earlier one of Thompson and Cave (114) in 
that the latter authors assigned the methylenic rocking mode 
to high frequency of the methylenic twisting mode. In recent 
years it has become accepted that methylenic twisting modes 
lie to high frequency of the rocking modes. This conclusion 
is based on the spectra of cyclobutane (120), cyclopropane 
(117,121-123), and hexamethylene tetramine (124-127), in 
which at least one methylenic twisting mode has a different 
symmetry from a methylenic rocking mode. In all cases, the 
methylenic twist was assigned a frequency comparable with 


that of the methylenic wag and considerably higher than that 
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of the rock. Consequently, this order has been accepted for 
ethylene oxide (128) and methylene cyclopropane (129,130), 
and is adopted in this work. For completeness, the funda- 
mental frequencies of gaseous C5H,S which are used in this 
work (109) are included in Table 10; their assignment is 
'discussed in Section 4.4. The vibrational spectra of 
C.D,S and cis-— Vand Lrans- C.D.,H,S have not been previously 
reported. 

The observed frequencies listed in Tables 9 and 10 
have been used (131-133) to calculate various force constants 
of CHS. In each case, however, the number of force con- 
stants required to reasonably reproduce the observed fre- 
quencies exceeded the number of frequencies, so these cal- 
eularions 7are suspect. “Further, Venkateswamin et ad, (1317 ios) 
included frequencies from Thompson and Dupré's (113) early 
work which have since been shown to arise from impurities. 


4.4 The Assignment of the Spectra of C CAD Seangecia— 
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and trans-C.D,H,8 
The infrared spectra of gaseous C5D 4° meos= C,D5H.s 
and trans-C S are presented in Appendix IV. The vib- 
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LaLLonat SpectcasoLsG S are published (116,118) so those 


2# 4 
recorded by Othen (109) are not reproduced in this thesis. 
The frequencies of the features observed between 200 and 
1500 cmi- and between 2000 and 4000 Sal a voc aie perce 


spectrum of the gas and the Raman spectrum of the liquid are 
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presented in Table 11 for C.H,S and lan Le L2 for C.D,S. 


Tables 13 and 14 present the frequencies of all features 


At 


consistently observed between 200 and 4000 cm ~ in the in- 


frared spectra of gaseous cis-C5D,H.S and trans-C.D.H.S, 
respectively. In Tables 11-14, the infrared absorption band 
associated with each frequency is described by the letters 
"PR' if only P and R branches (134) were observed and by 

the letters “POR' if P, Q and R branches, (134) were observed. 
The letter 'P' beside a frequency in Tables 11 and 12 indi- 
cates that the Raman band at this frequency has a depolar- 
ization ratio (135) which is less than 0.75. The assign- 
ments presented in Tables 11-14 were determined as part of 
the present work and are discussed below. 

The first stage in the assignment of the peaks observed 

in the spectra to particular vibrations is to determine, as 
far as possible, the symmetry of the transition causing 
each peak. Two pieces of evidence give this information: 
1) a Raman depolarization ratio of less than 0.75 can only 
arise from a totally symmetric mode (135), so the frequen- 
cies marked P in Tables 11 and 12 must arise from Ay Cran 
sitions; 2) the shapes of the infrared absorption bands of 
gaseous molecules vary with the symmetry of the transition 
causing the absorption. 

The shapes of the infrared absorption bands of the 
gaseous ethylene sulphide molecules can be predicted using 


theemethod- outlined in Section 3.4. In both CoH,S and C,D,S, 
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TABLE 11 


; a F P 
Frequencies and Assignment of Features Observed in the Infrared and 


Raman Spectra of C,H,S 
b ie Ore 
Infrared (gas) Raman (liquid) Assignment ' 
3088.0 m, PQR 3071.7 m 53 B, C-H stretch 
3084.2 Ww, 9 hot band 
eh A, C-H stretch 
3013<5 ve, POR 2994.7 vs,P 
V9 BL C-H stretch 
= AV) 
2903.6 w, PQR 2 2 A, 
a Be Vv 
2863.5 w QR 2 10 A, 
1456.8 mj, POR 1450 m,P V5 A) CH, deformation 
BU Mo NS ea eS ete 1431 m Yi0 By CH, deformation 
1255 vw, PQR 1230 vw 2v. A, 
i733) vw, Q 
1109.9 m, PQR IES I A res 2 V2 A, C-C stretch 
1050.8 Si, PR Vi By CH., wag 
1024.0 m, PQR 10257) S572 VA A, CH, wag 
945.21 m,, POR 944 w Vi4 B, CH, twist 
895 vw A,? 
G624,3iw;, POR 822 w Yi5 B, CH, rock 
688.1 m, bd 
? + 
650.8 m 12! By C-S stretch 
627231 Vs5, VOR GLa vs. Ve A, C-S stretch 
623.0 w hot band 


ayain ee 


b) Abbreviations: w = weak; m = medium; s = strong; v = very; bd = 
broad; P\= polarized; Q’= Q branch; PQR= P;0 and R branches were 
visible; PR = P and R branches only were visible. 
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TABLE 12 


3 a A 
Frequencies and Assignment of Features Observed in the Infrared and 


Raman Spectra of C,D,S 
b rane cD) 
Infrared (gas) Raman _ (liquid) Assignment 
2385 w 
2531.3°m, POR 2320 mi V3 B, C-D stretch 
22155 we 0 hot band 
Deloria | DUR Z20esSae ey Vy A, C-D stretch 
2209 w, Q hot band 
265.2 m,. PR 2171 7w Vg By C-D stretch 
212 eee Cidew. 
5 ow QR Ww 2V10 A, 
Zale vw 1222 m,P 
LiSOsm,? 
1168 m,P 
LOGAS2 m, PR 1055 w Yi0 BL cD, deformation 
1027.8 w 
946.4 m, PQR 940 s, P v3 Ay C-C stretch 
830.7 Ss, PR 829 w V4 BL cD., wag 
766.5 m, PQR 7628.2 V, A, cD, wag 
746.8 w 
710.8. my. POR 708 w V4 Bo cD, twist 
654 wy, bd 
9 & 
618 m V3 2! BL C-S stretch 
61353. vs, POR 603 s, P V5 A, C-S stretch 
S/O Let SPOR Oy 9aw ve B, cD, rock 


aye ie 


b) The abbreviations are explained in Table ll. 
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TABLE 13 


Frequencies and Assignment of Features Observed in the Infrared 


Spectrum of Gaseous cis-C,D.H_S 


Zen 


Oren 

3052.0 55 POR V1 A’ 
22/2. mm, POR Vo Ae 
1352.0: -We POR V3 A' 
Ww 
POLO. Ueewe CER Yi A 

POGS.7 il, | PORG 

1068.5 m, PR? 
971.9 m, PQR Ve Ae 
f ) " 
PA Nets FR A Sal 13 A 
756.6 mm, FOR Ve A’ 
654.7 m, PQR ey ar. 
Loy Elestae | She BODES rs At 


Assignment 


C-H 


CCH 


stretch 
stretch 
deformation 


deformation 


or CCD bend 
or CCD bend 
OmECcGDebend 


or CCD bend 


C-S stretch 


a) The abbreviations are explained in Table 1l 
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TABLE 14 


Frequencies and Assignment of Features Observed in the Infrared 


Spectrum of Gaseous trans-C,,D,H,S 


V/cm Assignment 


3051.0 m, PQR : 
C--H stretches 
3044.2 m, PQR 


C-D stretches 
2202.6 ww, POR 


1315.2 vw, Q iz 
HCD deformation 


2272.2 m, PQR 


$293.1) “vw, Q 
Pio. 4a ms SE OR VyAA C-C stretch 
1002.8 s, PQR 

S67 57 7cMs.) FOR 

71324 m,- POR CCH or CCD bends 
704.5.) Me OR 

668.2 m, PQR 

617.5. vs, POR v, A C-S stretch 


8 
610 shoulder 


a) The abbreviations are explained in Table ll. 
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the principal axes of inertia, a-, b- and c-, are parallel 
to the z-, x- and y- Cartesian axes, respectively, which are 
defined in Figure 21. It can therefore be seen from the 


character ‘table for the point group C (36) that, Minsvboltn 


2V 


C.H,S and C.D,S, Ay vibrations cause dipole moment changes 


parallel to the a-axis, and therefore yield A-type (104,105) 
infrared absorption bands; By vibrations cause dipole moment 
changes parallel to the b-axis, and therefore yield B-type 
(104,105) infrared absorption bands; and Bo vibrations cause 
dipole moment changes parallel to the c-axis, and therefore 
yield C-type (104,105) infrared absorption bands. It is 
found, by substituting the values of the rotational constants 
of C.H,S and C.D, 


Or Section ss. 4 ethat x H61e 494 landayve=-07 L0SStor C.H,S and 


ROH 14 93hand HY e="=02183 for c5D,S. These parameters indi- 


S closely approximates rotor number 16 of 


S given in Table 4 into equations 1 and 2 


cate that CoH, 


reference 105 and C.D,S closely approximates rotor number 
25. Therefore, for each molecule, a B-type band is pre- 
dicted to have only P and R branches while A- and C- type 
bands are predicted to have P, Q and R_ branches (105). 
The assignment of the Ay modes in C.H,S at 2013 457 
1456.8, 1109.9, 1024.0 and 627.3 cm”, the B, Modes at 
3013, 1435.9, and 1050.8 cm, and the B, modes at 3088.0, 
QASe2mand 82433 ema is consistent with previous assign- 


ments (Tables=29 ‘and 10). “The ciourth By mode (Vj) 5) has been 


assigned between 650 and 685 om™+ by all previous authors 
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(113-116,118). The only band which is observed in this 


region in the infrared spectrum of gaseous C.H,S is a broad, 


featureless absorption at 688.1 cm? whose shape is unlike 
any band shape predicted for C.H,S from reference 105. Since 
there is a band at 650.8 cm? in the Raman spectrum of liquid 
C.H,S it has been argued (118) that the feature at 688.1 


emo is the R branch of a band with PR structure whose P 


branch is hidden under the strong absorption at 627.3 om -. 


This implies that the separation between the P and R 


branches is at’ least 35 Sn However, the method of ref- 


erence 105 (Section 3.4) predicts that the separation 


between the P and R branches of a B-type band in the in- 


frared spectrum of gaseous CoH,S LS about 1L/ om, Because 


of this discrepancy between calculated and observed PR 
separations, the possibility that the 688.1 om7> feature 
arises from an impurity cannot be ruled out, and the fre- 


quency of the fourth B, mode of the gaseous molecule is left 


a 
unassigned. In the liquid, this mode is probably at 650.8 


sa 
ey eae 


The weak features with POR structures at 2903.6, 


Des Sereno (oS secu 


in the infrared spectrum of CoH,S are 
assigned to the first overtones of the fundamental transi- 
trons fat 456.8 9143599 and 62733 cmt, respectively. The 


‘ tohtwrce, 6275 em > implies that 


Hroniinitey Of lb20 cm 
this vibration is almost harmonic. The weak absorption at 


3084.2 Sil undoubtedly arises from a hot transition (42) 
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associated with the By mode assigned at 3088.0 em? A 


very weak feature at 1173.3 em” + cannot be assigned to an 
overtone Of Combinat#on transit#@on andsits) origin is. not 
obvious. It does not have the characteristic PR structure 
OL a By fundamental absorption, nor does it have a corres- 
ponding polarized Raman band which is characteristic of an 


A, mode. Its assignment to a B, mode would require that 


2 


Leesh@irtse tO.) LO ao ene or lower in C.D,S, Which. 6S Most 


unlikely. 

The assignment of the Raman spectrum of the liquid 
follows from the above assignment of the infrared spectrum 
of the gas. As is usual, the Raman spectrum does not provide 


good evidence of the location of the three A, modes (Ver Av) 


z. i 


and V9) and, thus, they are not assigned in Table ll. The 
weak feature at 895 em has been assigned by Le Brumant 


GEL) a eOnan A, mode but was considered to be too weak to 


be confidently assigned in this work. 


As 1s the case for CHAS, the Raman spectrum of ee Dis 


(Tables 12)\edoes not provide a clear-cut mindication ot Lies re— 


v, and v,, so these modes are not assigned. 


Gn = / 8 


Four strong Raman bands have depolarization ratios of less 


quencies of wv 


than 0.75. The corresponding infrared absorption bands, at 
Ze eA OA) OG.) aiid Ol os cm 7, show POR structures 
and can be assigned to Ay modes. The product rule (137) can 


be used to predict the frequency of the fifth A, mode. The 


theoretical value of the product of the A, frequencies of 
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C.D,S divided by the product of the A, frequencies of 
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CH,S 1s given by: 
5 Vy! mM, Pe M' U7 2 
IT ——— | — — a) Aiciaw/ Gi) 
k=1 Vy m,, M 


where the primed symbols refer to properties of C5D,s and 


the corresponding unprimed ones refer to properties of 


CoH,S, M is the molecular weight, the ue 


and M5 and m,, are the masses (101) of the hydrogen and deut- 


are the frequencies 


erium atoms, respectively. From the five A frequencies 


of C.H,S (Table 11) and the four A, frequencies of C,D,S 


2 4 a 


assigned above, the missing frequency is calculated to be 


1168 emi, which indicates that v, is the missing fundament- 


2 


= ee V5 of the gaseous molecule is left unassigned at pre- 


sent. There are three medium, polarized Raman bands of the 


liquid’ near* to? 1163 anion one of which could be due to Vor 


or they could all be due to combination or overtone transi- 
tions. 

The three strongest infrared bands with POR structures 
which have corresponding depolarized Raman bands are assigned 


to the three B. fundamentals. Thus "13 is assigned at) 2331.3 
L 


cmt, Me eats 7L0e8 Sie FG Moa ce Gi cm ~~. The theor- 


etical value of the product rule for the B. modes is given 


by: 

oe ae Me 3/2 M' Tf? (® 1/2 

Digs ee) ice ae — eee = 0.3967 (2) 
k=13\ v m M ie 
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wiere C is the smallest rotational Constant (Table 4), and 
the other symbols have been defined in equation l. The 
value obtained from the three frequencies assigned above 


with those of C.H,S is 0.3988, which agrees well with the 


theoretical value. 
Three of the By fundamentals can be readily assigned 


Lorie Medium on Strong bands at, 2135.2, 1064.2 and 330.7 
cm, These all have the PR structures expected for a By 


mode and corresponding depolarized bands appear weakly in 


the Raman spectrum. The situation concerning the fourth By 


mode iS identical to that for C.H,S. The feature at 654 cm. 


is too far away from the absorption at 613.3 om™* BOl timc o 


a 


be the R branch of a B-type band whose P branch is buried 
under the absorption centered at 613.3 aie Y42 is, there- 
fore, left unassigned for the gaseous molecule, although it 
probably appears as the medium band at 618 aie” in the 
Raman spectrum of the liquid. The description of the funda- 
mental vibrations of C,D,S given in Table 12 follows from 
the descriptions of the vibrations of C.H,S and the approxim- 
ate frequency shifts expected to occur upon deuteration. 

The weak features in the infrared spectrum of the gas 
Ato 5474/4026, and 027.3 cm cannot be assigned to combin- 
ation or overtone transitions and they must be tentatively 
attributed to impurities. The weaker bands left unassigned 


above 1100 Jie could all arise from hot, overtone, Or com= 


bination transitions. The only one whose specific assign- 
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ment is clear from this data is at 2125 omy which is 
asSigned to 2V1 9° 

The assignment of the infrared spectrum of cis- C,D.H.S 
(Table 13) is also aided by considering the band shapes pre- 
dicted for vibrational modes of the two symmetry classes, A’ 
and A". Figure 22 shows the relationship between the 
Cartesian axes, as defined in Figure 21, and the principal 
execeor wnertia Or Ccis— CD HDS. It can be seen that both 


z- and y-Cartesian axes lie in the ac plane of the molecule. 


ine ,elgnitu AY modes4opecis—C S cause dipole moment changes 


hea 
an, this plane and, thus, lead to AC hybrid’ bands? (1047105). 
ihe seven A” modes or Ccis= C,D5H 8 cause dipole moment 
changes along the b-axis of inertia and give rise to B-type 
ifirared absorption bands.” Lt (is found, by substituting 


Ene values Or the rotational constants of (cis—-C H,S (Table 


oe Z 
4) into equations 1 and 2 of Section 3.4, that X = 1.491 and 

Y =-0.143, which indicates that this molecule closely approx- 
imates the rotors numbered 16 and 25 in reference 105. The A- 
and C= type bands calculated for these’ rotors both have 
distinct P, Q and R branches, and therefore an AC hybrid 

band also has POR structure. A B-type band, on the other 
hand, “21s predicted to have PRestructure. Tus, tne seven 

bands which clearly have POR structures, at 3052.0, 2272.4, 
1332.6, 971.9, 756.8, 654.7, and 614.8 cm? can confidently 


be assigned to A' modes, and the two bands which clearly 


have PR structures, at 1310.0 and 921.3 cm + can confidently 
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Io. 
and zy (ii) Cartesian planes, showing the relation- 
ship. between the Cartesian axes and the a-, b- and 


C- principal axes of inertia. 
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be assigned to A" modes. The absorption close to 1075 cm™+ 


may be due to the superposition of absorptions by the 
eighth A' mode and a third A" mode, but, at this stage these 
modes cannot be confidently assigned. 

The vibrations must be numbered in the order of de- 
creasing frequency within each symmetry class. For the A' 
Vibrations this#is trivial since only one vibration is not 
assigned and that one undoubtedly is the A! C-C stretching 
mode, Var which should absorb somewhere between the A' 
frequencies 971.9 and 1332.6 cm >, In addition, the bands 


Hf 


at53052.0, 2272.4, 1332.6 and 614.8 cm - can be assigned 


to the A‘ C-H stretching vibration, the A' C-D stretching 
vibration, The A' HCD deformation, and the A‘ C-S stretching 
vibration, respectively. The other A‘ modes must be CCH 


or CCD deformations. The A" C-H and C-D stretching modes, 


Vg and Vio? must absorb above 2000 cmt 


accidentally degenerate with the A" modes at 3052.0 and 


Ra ag edge: at, respectively. The A" mode at 1310 cm? is 


and are probably 


undoubtedly the HCD deformation v Vv is probably at 


ul 


iliky 12 


about 1075 a. So O21. Secmes is probably Guerto 


de Sa 


wv) and v are not observed, but v is probably the A" 


14 is 15 
C-S stretching mode and is, most likely, nearly coincident 


with the A' C-S stretching mode at 614.8 cm 1, Thus, V2 to 


V4 must be described as CCH or CCD bends. 
Figure 23 shows the relationship between the Cart- 


esian axes, as defined in Figure 21, and the principal axes 


OF Inertia, of trans-C.D.H5S. It is seen that the x- and y- 
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EVGURE 23. eP LO JEeClLion OF trans-C.D,H5S Ona cnen emt) 
and yx (ii) Cartesian planes, showing the relation- 
ship between the Cartesian axes and the a-, b- and 


c- principal axes of inertia. 
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Cartesian axes both lie in the bc plane of the molecule 
and the eight A vibrations give rise to A-type bands and 
the seven B vibrations give rise to BC hybrid bands (104, 
105). The values of the rotational constants of Lrans= 
C.D.,H,S substituted into equations 1 and 2 of Section 3.4 
yield X = 1.479 and Y =-0.139, which indicates that this 
molecule closely approximates the rotors numbered 16 and 
25 of reference 105. Both A-type and BC hybrid bands for 
these rotors are predicted to have POR structures, so no 
distinction between modes of A and B symmetry can be made 
on the basis of band shape alone. 

Several frequencies inthe spectrum of trans-C,D,H,S 
(Table 14) can be assigned in view of the assignments 
presented in, Tables’ 11, 12 and 13. -The bands at Til3 24 and 
GiineS cm + most probably arise from the A C-C stretching 
mode (vy) and the A C-S stretching mode (Ve), respectively, 
and are assigned as such in Table 14. The bands at 3051.0 
and 3044.2 cm * obviously arise from C-H streching modes 


anadecthiose ate 2272.2 and, 2262.6 cm + 


from C-D stretching 
modes, although it is not known whether the A or B modes have 
the higher frequencies. Also, the two HCD deformations are 
expected to absorb close in frequency to the very weak 
features observed at 1315.2 and 1293.1 om’. 

The assignment of the frequencies of the gaseous mole- 
cules which have been made in this section were used as data 


v7 


for the calculations which are described in the next two 
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sections. These calculations allowed further assignments 


to be made, as discussed later. 


£75 Computer Programs and the G and F Matrices 


The normal coordinate analysis was carried out with 
the aid of the programs VSEC and FPERT (138) which were 
written by Schachtschneider. These programs use the 
well-documented G F Matrix method (100) to calculate the 


vibrational frequencies, vs and the elements, 2% of 


ik’ 
the eigenvectors. The normal coordinates, Ore are re- 
lated to the n internal coordinates, Ii, by n expres- 
sions of the type 

3N-6 


= 2 £2, 0, (1) 


where N is the number of atoms in the molecule. There- 
fore the elements a with k constant provide a des- 


h normal vibration. VSEC and FPERT 


cription of the he 
calculate the frequencies from the G and F matrices 
supplied and, in addition,FPERT compares the calculated 
frequencies with the observed ones, adjusts the force 
constants to improve the fit, and continues until a 
satisfactory solution is reached. If the G matrices 
and observed frequencies of two or more isotopic mole- 


cules are supplied, the same force field can be refined 


to simultaneously fit the frequencies of all the mole- 
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cules. VSEC, which does not refine the force constants, 
was only used in the latter stages of the analysis to 
calculate the forms of the vibrations in terms of methyl- 
enic deformations, wags, etc. 

The G matrix elements were calculated for each 
isotopic modification of ethylene sulphide from the molec- 
ular parameters listed in Table 3 and the atomic masses 
(101), using the programs CART and GMAT (103). The non- 
zero G matrix elements for each molecule are presented 
in Appendix I, where each element is identified by two 
integers, i and j, which refer to the internal coordin- 
ates, I, and i respectively, as defined in Table 5. 
Only the elements for which i < j are listed in Appendix 
I since the G matrices are symmetric. 

The force constants which are described in this 
work are defined as the coefficients ea in the expres- 


sion 


n 
ae > oh I, 1, (2) 
i,j=l 
where V is the potential energy of a molecule in terms 

of the n internal coordinates under the harmonic 
approximation. The matrix formed by these coefficients 
is termed the ie matrix. When i=} the coefficients, fiae 


are referred to as the diagonal force constants, and 


when i#4j the coefficients, fi5° are referred to as the 
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interaction constants. 

The potential energy, Wick of..a, particular vibra- 
tion with normal coordinate Q, and frequency Vie is 
given by (100): 


2 


Vi. = 1/2 hy Q. (Ss) 
: ce ncy 
where hye = 4T[] Vv, 1 and is also given by 
n 
Nie oD, (PED) 5 34 (4) 
a7) 
where £ 
(PED eer ee emes (5) 
ijk d cH ye a3 
k 


Thus each term ae with k constant ‘describes the 
contribution to the potential energy of the oe vibra- 
tion fromthe force constant 5° The complete set of 
these terms with k constant is called the potential 
energy distribution for the cae vibration, and provides 
a descriptionof the vibration which supplements that 
given by the eigenvectors. 

The general harmonic force field for CHAS or 
C.D,S contains eight independent diagonal force con- 
stants and sixty-one independent interaction constants, 
andfat 2S assumedethatethis force freld is ‘also valid 
forscis- and trans-C.D,H.S. The eight diagonal force 


constants in the general harmonic force field will be 


denoted aby 1b (GG jer (CS 77 are(CH eek (HCH) er (SCH). (CCH): 
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F(CCS) and F(CSC). The first three force constants are 
due to the forces which oppose the extension or contrac- 
tion of the C-C, C-S and C-H bonds, respectively, and have 
units of mdyne 4 A. The latter five constants have units 
of mdyne-A, and are due to the forces which oppose the 
distortion of the HCH, SCH, CCH, ccs and csc bond angles, 
respectively. 

The interaction constants account for the change 
in stiffness of a bond or bond angle as a result of the 
distortion of another bond or bond angle. The inter- 
action constant between two bond-stretching coordinates, 
R, and a (Table 5), is denoted by oe and has 
units of mdyne # A. The interaction constant between 
a bond-stretching coordinate, Ris and an angle-bending 
coordinate, OK! is denoted by ISSO cy and has units 
of mdyne, while the interaction constant between two 
angle-bending coordinates, ae and Qa is denoted by 
Et! and has units of mayne-A. 

Because of symmetry, many of the force constants 
defined in equation 2 are equivalent and, for the sake 
of simplicity in this work, a reference to a particular 
force constant in an equivalent set will also implicitly 
refer to the other members of the set. Thus, for 
example, the diagonal constant F(HCH) refers to both 
F (H,C5H.) and (Hes He (Figure 21), and reference to 


aC ), which describes the interaction between 
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“a 


the C3C5H, and SjCoH, angle-bending coordinates, also 


nae 
implies reference to F(ajo10 £ (a) 61%5¢) and £(aj7.0 fe 
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4.6 Development of the Force Field 

Initially only the observed frequencies for 
C.H,S (Table 11) were used in the calculation. The 
initial values of the diagonal force constants are shown 
inecolumn ¢1 of Tabie 15, the values of F(CC), E(CGS)., 
F(CCH) and F(SCH) having been taken from the force field 
Lor C,H,S reported by Freeman and Henshall (133). The 
Vabdwes erin. (CH) oF{HCH) >; FACCS) and h(CSC) gare close, ta 
the values of analogous force constants in the force 
field of methylene cyclopropane reported by Bertie and 
Norcon= (130)... ‘The See nSNeee a C,H,S calculated with 
this initial force field are shown in column #1 of 
Table 16, which also contains the experimental fre- 
quencies. The differences between the calculated and 
observed frequencies are, on the average, 84.0 cnn re be 
6.99%, and were too large to allow FPERT to refine 
this force field. The potential energy distributions 
(Section 4°05) revedled™ that) 'F (CCS) and F(CSC)did “not 
contribute significantly to any of the normal modes. 
Thus these two diagonal force constants were constrained 
to zero and FPERT did then refine the remaining six 


constants. The fit between the eleven observed fre- 


quencies of C5H,S and the calculated ones did not im- 
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TABLE 15 


Force Constants for Ethylene veer 


Constant #1 22.2 #3 _#4 Final Error~ 
F(CC) 4 4.382 4.548 4.650 eg ee | 0.122 
F(CS) Ze0 26937 2.399 2.404 PNP ESS Ba 0.107 
F (CH) 5.0 5.102 5.109 5.101 D% 104 O2012 
F (HCH) 0.41 02392 0.467 0.264 OnF/2 0.074 
F (SCH) 0.47 0.583 0.544 Oc505 0.576 0.008 
F (CCH) Ose 0.504 0.599 0.746 0.344 0.054 
F(CCS) 0250 0.0 OF0 0.0 0301 0.094 
F(CSC) 0.70 0.0 ae) 0.0 0.0 eer 
F(R, 5R,)° ae 0.014 0.019 0.029 0.019 0.014 
as Oe Loe =-0,252 -0.193 -0.348 G. 035 
F(R, >) ,) — oe Bee O2275 0.254 0.293 0.046 
BOs, ae | i) poate PVE 373 0.065 
F(a, 69) — ss —— 0.016 0.058 0 

etsy, ae ae at 00 0.190 -0.236 0.048 
F (549035) — —— 0.004 0.0 

Pega? aden, ——s a aes aera -0.045 -0.008 0.007 
SO eakee Ss arenes Seer 0.072 0.008 
FQ, 4 2%5) ae aaa Sree sommes “ay -0.180 0.043 
F(R, »%3,) Soe eos ae —=—— -0.159 0.040 


The units are mayne A for bond-stretching force constants and stretch- 
stretch interaction constants, mdyne for bond stretch-angle bend 
interaction constants, and fees for angle-bending force constants 
and angle bend-angle bend interaction constants. 

Force constants which are shown as zero were constrained to zero dur- 
ing the refinement of that stage. 

Statistical error calculated by program (138) from relationship 
between force constants and frequencies. 

All force constants which are equivalent to this under Co symmetry 


had the same value. 
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TABLE 16 


Observed Frequencies for Gaseous CoH,S and those Calculated with the 


Force Fields Shown in Table lea 


PODS) | iceman eg metas 04 we eee Le lee 
Vedi SOD3-Samee2985 Sep i3017s8H) 43018"6 3019.6 3018.5 
V, 1456.8 1684.6 1486.7 1452.1 1463.9 1466.0 
Oe 1109.9 PEAIOlSeerlIolly eolidess 1124.3 1107.1 
Vv, 1024.0 916.1 952.7 979.6 999.1 1023.5 
Ve 627.3 651.5 657.2 640.1 640.8 pee el 
Ve 3088.8 3107.0 3107.9 3103.8 3109.2 
vy 136453 992.4 1051.9 1083.4 1160.3 
V3 76 seu w. 189465 847.2 896.5 890.2 
Vy 3013 kine) ei On 3011.2 3010.4 
Vig 1435-9 1616.2 1409.7 1440.2 1432-3 1431.9 
Vz, 1050.8 B75 s0ige 1052u4 0. 410634 1057.6 1060.2 
Va5 ah o giget 586.8 583.9 645.9 
Vj, 3088-0 3075.4 3101.6 3101.9 3096.7 3100.6 
mM GAS -2eees14325 951.3 962.6 950.5 947.1 
Vig 824-3 801-6. 817.4 811.1 817.0 820.5 
BUSINES BAG) cas eaters = 1952 emits RokT Men? Melb 3 cmt 
Error 

6.99% 1.68% 1.15% 0.84% 0.40% 


a) Observed and calculated frequencies in cm 


V,, (obs) - V,, (calc) 


/ where n 


is the number of observed frequencies. Percent error calculated from 


b) Error in oer calculated from j2 
k 


(obs) - v, (calc) 
Sy ping aie Ke ae x 10074 /'s 
‘ V, (obs) 
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prove after ten refinements by FPERT. At this point inter- 
action constants were introduced into the force field and 
all constants, except F(CCS) and F(CSC) which were both 
constrained to zero, were refined after each addition. 

The first interaction constant which was added to 
the diagonal field was £(RyrRe), which takes into account 
the interaction between the two C-H stretching displace- 
ments on carbon atom 2 (Figure 21). Because of the 


symmetry of C H,S, the interaction constant £ (Re RI) is 


2 
equivalent to £(R,/R,)- These two equivalent constants 
improved the agreement between the observed and calculated 


C-H stretching frequencies, Vv. and Vv... Asecond 


cdi aaa 13 
interaction constant, E(a, ge Ao4)s which is equivalent 
to f(as67 Ace), E(a, 6 O56) and £(ajs7, Aa), takes into 


account the interaction between the CCH and SCH angle- 
bending coordinates which involve a common hydrogen atom, 
and improved the agreement between the observed and cal- 


culated methylenic frequencies, Vor Var Vigr 


and Vis: 


The frequencies of the ten fundamental vibrations 


assigned for C D,S (Table 12) were then included in the 


2 


calculation and the force field was refined to fit the 
frequencies of both C5H,S and c,D,S- The force constants 
and frequencies so obtained are shown in columns headed 


#2 in Tables 15, 16 and 17. Table 17 also contains the 
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TABLE 17 


Observed Frequencies for Gaseous c,D,5 and Those Calculated with the 


Force Fields Shown in Table 1S 


OBS _ #2 #3 ae Final _ 
vy 221289 2214.4. 220759 220959 P2003 
Vo L253 teo a Bes Rag LT Seo 1186.8 
V5 946.4 943.6 OG.) 951.0 949.4 
a (NS oie 796.8 766.4 TOI eu 764.3 
V5 61355 eS) SEIS: Seay, 610. 
Ye He WA aye ja ae hess) 232055 233304 
V5 191.3 B22 861.0 9220 
Ve 632.8 oli 635.0 630.3 
Vg 2105 a2 2183.8 2184.1 2182.9 2184.8 
Vi0 1064.2 1056.4 IDOE ISS) 1076.3 1066.6 
Yaa O30e7 865.6 849.4 BLOW S219 
V0 546.3 546.2 549.3 607.0 
Y53 Zoe Zo lead Pah PAS 2300 nL Hae ies 
V4 710.8 709.0 698.4 706.8 LOTS 
V15 978.1 583.4 594.8 584.5 584.3 

Average 16.9 ay NUT an OL 2 ie 4.9 cm 
Rerore 2197 esd 1.082 0.46% 


a) Observed and calculated frequencies in cm 


b) Defined in Table 16. 
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experimental frequencies for C D,S- The frequencies of 


2 


C.H,S were reproduced with an average error of 18.1 cm? 


or 1.68% and those of C,D,s with an average error of 16.9 


cm + or 2.19%. The largest percent error occurred for 


5! aie CoD,S, which 


was calculated at 547.3 cm + but assigned at 613.3 cm 


the Ay C-Seustretching wibration,) Vv 


Attempts were made to improve this fit by allowing F(CCS) 
and F(CSC) to be refined but these attempts led to an 
unstable solution, no doubt due to the redundancies in- 
volved. Thus, these two force constants were reconstrained 
COZ er oe 

No improvement in the overall fit was obtained by 
introducing any of the following interaction constants, 
one equivalent set at a time: £(R,-R,) = £(R,,R); 
£(R5/R3)i £(R5, ) = £(R,10 Lp 


) = £(R3 70 ) = £(R3,0 


24 34 Se) 


) = £(R,,O,,) = £(R3,%,,)7 oF 


26 


Trig ee MNES Oa 


£(R,,o = £(R), ) = £(R ) = £(R ). However, 


“eas ae ay 


) and £ (R156) and their equivalents were 


14) 


when £(R} 4), 


added to the force field together, a solution was found 


which reproduced the observed frequencies of C.H,S and 


C.4D,S with an average error of 1.30% in each case. How- 


ever, the BL CH, 


a higher frequency than the A CH, deformation, Vos in 


deformation, Vior was calculated at 


C.H,S. Thus the constant E(O scr) was added to the 


fonce maeldaeand dally force constants, except, B(CCS)e and 


F(CSC) were refined to the values shown in column #3 
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of Table 15. The frequencies which were calculated for 
C5H,S and C,D,S with this force field are shown in the 
columns headed #3 in Tables 16 and 17, respectively, and 


the average difference between these frequencies and the 


experimental ones is 12.2 cm (1.15%) for C,H,S and 
1 


fo cor cm en = (1.972). for. Ceo-.s. 


2 4 


At this point, the frequencies of the normal modes 


Oi ncis= C,D.H 2° and trans- -C5D 2 H,S were calculated using 


force field #3 and are shown in the columns headed #3 
in Tables 18 and 19, respectively. The frequencies of 


the nine fundamentals of cis-C 98 (Vy, v Vv 


oe a7 tS Tate 


Vv 3) and the two fundamentals of trans- 


6’ 


oye 5H.S (Vy and Vg) which were assigned with confidence 


in Section 4.4 are also shown in these tables and the 


average difference between these frequencies and those 


calculated with force field #3 is 17.1 em + 


=1 


(eos). LOL 
cls- C.D.,H.S and 22.6 cm (2, 70.59) 6 On trans-C.D.,H,S. 
However, this force field could not be further refined 

to a stable solution when these nine observed frequencies 
EOvecis- C.D 5 H,S and two; observed frequeneies Lor glrans— 
C,D,H,S were included in the refinement process. Since 
the largest errors between the observed and calculated 
frequencies occurred for the methylenic modes, the inter- 
action constants which involve the CCH and SCH angle- 


bending coordinates, f(a, 47%) 5) = Ea, 61,5) £34703.) 


£ (0567457) and £ (0, 41% 6) = E(dj51%,7), were added to the 
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TABLE 18 
Observed Frequencies for Gaseous cis-C,D,H,§ and Those Calculated 
with the Force Fields Shown in Table 15° 
_oBs” #3 fh Final 

Va 3052.0 3063.0 3060.6 B0G2.2 
Vo 2LI2e4 223} 62 2250.0 220908 
V3 1332.6 BES Lee has 1320.4 132952 
Vy, (1083 =7) 1073.3 1090.9 1080.0 
Ve MANES) 969.4 26951. 967.5 
V6 7/2020 741.0 {93-2 160-2 
V5 654.7 659.4 660.1 657.6 
Ve 614.8 610.8 609.4 608.2 
Vg 3063.3 3061.0 3063.7 
Yi0 2253.4 2252.8 2257.4 
Yi 1310.0 Ned PAGS) 1305.7 230257, 
V9 (1068.5) 1028.5 1001.8 1068.1 
V3 92156 867.5 920.3 O1756 
Vi4 698.1 ipa sawt (Ao ee 
V5 D205 7 560.5 615.8 
Average 

iaihooe 17.1, em 6.5 eile 54 ae 

1.572% 0.53% 0.45% 


a) Observed and calculated frequencies in cm 
b) The frequencies in brackets could not be confidently assigned from 
the experimental data and were only included in the later stages 


of the refinement. 


c) Defined in Table 16. Frequencies in brackets were included in 


error calculations with final force field only. 


f.2ae! @. fons 
ecvie ¢0ge 4.008 £8 
¢.01t £09 1 <ate 
g. 208 2B v.bee 

ao bak ap 240 tren | : 
220.0 ree4. tet © 3 


Sone UNRUESSSETIENG NENT Lae. ae 

“ap nk esloneupsyl hatelustes Guo & iO 

mort tuition oivshPsase #d aon dives Seaiyied wl sahonagees’ ae 
gbge2% sotet wit at baetine’ shins 9 9a i wre B vt, uA 
<) su, | frye k : 


wh? dyiailowe iatigesel ‘ : 


7 


Loa 


TABLE 19 


Observed Frequencies for Gaseous trans-C,D,H,S and Those Calculated 


with the Force Fields Shown in Table 155 


OBS ; #3» ZF a Final 

v, [3051.0] 3066.5 3064.5 3067.0 
Oe l22i2a2] 2265.2 2266.2 2270.2 
oan tis) 1306.1 1330.2 1338.3 
Dae ELS 1083.4 1104.1 1118.8 
Ve 995.4 984.8 1026.1 
Ve [867.7] 814.2 874.7 876.5 
Vy [704.5] 695.5 al ik 698.7 
Palace 602.3 608.2 ANG 
Vg [3044.2] 3059.9 3057.0 3058.8 
Vip [2262.6] 25 sa 2243.5 2245.9 
Viz (1293-1) 1287.2 1289.2 1288.7 
V5 (1002.8) 1023.8 1012.6 1001.0 
See eiGlee 765.2 759.6 784.8 
V1, [668-2] Al pee) 659.1 
V5 (618) 560.0 563.1 618.2 
pao ees 22.6 cm + oar ike 
Error . 2.58% 1.17% 0.21% 


a) Observed and calculated frequencies in cm 

b) The frequencies in brackets could not be confidently assigned from 
the experimental data. Those in round brackets were included in the 
late stages of the refinement, and those in square brackets were not 
included in the refinement. 

c) Defined in Table 16. Frequencies in round brackets were included in 


error calculation with final force field only. 
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force field, one equivalent set at a time, and all force 
Cons Cantssexceptur (CCS) and FXCSC)> wereerefinedeatter 
each addition. The force field and the calculated fre- 
quencies so obtained are presented in the columns headed 
#4 in Tables 15, 16, 17, 18 and 19. At this point in 
the calculation the average error between the observed 
and calculated frequencies of all four isotopic molecules 
was 8.7 cm ~ or 0.858. 

The calculations with force field #4 predicted 
Chatecis= C,D,H.S should have an A' mode (v,) at 2090.9 
cm + and an A" mode (V1 5) ate] 00048 cmt, When the infra- 
wea Sspectuum of cis— C.D 9H,S which was recorded by Othen 
(Table 13) was examined in greater detail, it was found 
that the broad, complicated absorption close to 1075 ane 
could be reproduced by superimposing a band with PQR 
Structure atalocsid cm + and a band with PR structure at 
LOGSia5 cm +. In view of the band shapes (Section 4.4) 
and the predicted frequencies, 1083.7 em? was assigned 


tomy @andeloe3n5 cm + was assigned to v 


4 iy 


The shape of the absorption at 1002.8 em + in the 
infrared spectrum of trans-C.D,H5 which was recorded by 
Othen (Table 14) was also examined in greater detail at 
this point. In Section 4.4 it was shown that modes of 
A symmetry in trans-C.D,H5S should give rise to A-type 
infrared absorption bands and modes of B symmetry should 


give rise to BC hybrid bands, and that the shapes of these 
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bands can be predicted by considering the shapes of the 
AjyeB-egand Cptype»bands forsrotors numbered 16#0r) 25068 
peterencesl05sgelt is EoundethatiaspuresA-typeshband has 
POR structure with the Q branch being more intense than 
either the P or R branches. A BC hybrid band also has 
POR structure but whether or not the Q branch is more in- 
tense than the P and R branches depends upon the amount 
Or: C—tEyperscharacter (105). (Since the Oebranchlof® the band 
Bt lo02es cm + in the infrared spectrum of trans-C.D,H,S 
is less intense than the P and R branches, this band 
cannot arise from a mode of A symmetry and therefore it 
was assigned to a B mode. The calculations using force 
field #4 predict that the B mode V2 should absorb at 
LO2 266 cm”? and thus Viz was assigned at 1002.8 om +, 

The inclusion of the two extra frequencies of 
cis-C.D,H.S and the extra one of trans-C.D.H.,S in the 
calculations worsened the overall fit between the observed 
frequencies and those calculated with force field #4 and, 
even after several refinements of this force field, the 
average error was greater than 1.0%. Since force field #4 


contained the interaction constants, f(a meek | 


16: Sis 


Aia)e which take into account the interaction between CCH 


angle-bending coordinates which are 'cis' to each other, 
jewseemed shogical tto addwmthetttrans weiuteractiongconstants, 


f(a ais £(a, 57%, ¢)- However, when these force con- 


shee SL 
stants were added to the force field, an oscillatory 
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solution was obtained. Since EO 5rAeo) oscillated about 
zero, this constant was constrained to zero and the sub- 
Sequent refinement of the remaining force constants gave 
a great improvement in the overall fit of the observed 
frequencies. 

The frequencies which were most in error at this 


point were the symmetric C-S stretching frequencies, v 


5 
in C.H,S and CD,S, and Ve in cis and trans-C.D,HoSs. PSO, 
all of the asymmetric C-S stretching frequencies, v in 


a2 


C4H,S and C5D,5, and Va5 in cis- and trans-C.,D.H,S, were 


calculated below 600 cm 2, However, the only band observed 


below 600 cm + in the spectra of the various isotopic 


A 


modifications was at 578.1 cm in the spectrum of C.D,S, 


and this band was clearly due to a By mode (Table 12). A 
closer inspection of the band at 617.5 cm + in the spectrum 


of trans-C,D,H.S revealed a shoulder at about 610 Cres 


which can be assigned to the P branch of a weak band 
centered close to 618 ena Thus the B C=-S stretching 
mode was assigned at 618 om + in trans-C.D,H.S and this 
frequency was included in the refinement. A stable solu- 
tion was obtained only after the diagonal force constant 
B{CeES) was again included in the refinement. thensall 
asymmetric C-S stretching modes were calculated to absorb 


: of the symmetric’ C-S stretching mode ane the 


within 6 cm 
same molecule. This suggests that these modes are nearly 


degenerate in all four isotopic modifications. 
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The constraint on F(CSC) was then released but a 
wildly oscillating solution was obtained so this constant 
Was reconstrained to zero. The introduction of two 


additional sets of interaction constants, ei(a 


14'%35) 
F(a) 5734) = £ (1 61%) = £(a)7105¢) and £(R, 1% ,) = 
£(R) 1435) = F(R) O56) = £(R, O55), improved the overall 


fit of the frequencies to an average error of about 0.41%. 


The interaction constant, f(a = £( was 


34°%35) SN ae A 
constrained to zero because the calculated uncertainty 

in this constant was larger than its value, but this 
caused no significant change in the fit of the observed 
frequencies. At this point no further improvement in the 
fit of the calculated frequencies to observed frequencies 
was considered justified since errors of 1% can easily 
arise from anharmonicity in the observed frequencies (139). 
The final force field is shown in Table 15 and the fre- 


quencies calculated with this force field are shown in 


Tables 16-19. 


aasl _Discussion 

The comparison of the observed frequencies (Tables 
iWi-f4) with those calculated with the final force field 
(Tables 16-19) allows many of the remaining active funda- 
mentals to be recognized in the spectra and assigned, 
as is summarized in Tables 20 to 23. In particular, the 


bands at 3051.0, 2272-2, 1315.2, 867.7 and 704.5 cm? in 
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TABLE 20 
The Assignment of the Fundamental Frequencies of CoH, S 
: -1 
Frequencies/cm 
Mode Observed Calculated Description® 
A) 1) 3013.5 SOLS ES Symmetric CH, stretch 
A, Vo 1456.8 1466.0 907% CH, deformation + 
, £07 C=C stretch 
A) V3 1109.9 PEO? ek 907 C-G stretch | + 
10% C-S stretch 
Vv é 5 
A, 4 1024.0 102355 CH, wag 
A) V5 627.3 633.3 90% C-S stretch + 
10% C-C stretch 
A, ee gr ae as SOG SZ Asymmetric CH, stretch 
A, V5 = 1160.2 15%, CH, rock + 25% 
Che sEWa Sit 
2 
See . vi i oe % 
A, Ve 890.2 Thay CH, twist 25% 
CH. rock 
By Vo 3013 3010.4 Symmetric CH, stretch 
B Y40 1435.9 E45 069 CH, deformation 
By Yu1 LO50,.6 1060.2 CH, wag 
By V12 aes 645.9 85% oe stretch + 
154-CGS bend 
B, 43 3088.0 3100.6 Asymmetric CH, stretch 
: v5 7 T A 
B, V4 945.2 947.1 55% CH, twist 457, 
CH, rock 
: B20), 5 Sov4 Glial. we@relke sr 
B, Vi5 524.3 2 
45% CH, twist 


a) Determined from the potential energy distribution in Appendix III. 
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TABLE 21 


The Assignment of the Fundamental Frequencies of C,D,S 


gui 
: -1 
Frequencies/cm 
Mode Observed Calculated Description® 
AL vy Zap2 5 2Z2ZEORS Symmetric cD, stretch 
A, Vo Sra 1186.8 60% C-C stretch + 
40% cD, deformation 
A, V3 946.4 949.4 45% C-C stretch + 
457% cD, deformation + 
102 cD, wag 
A, vi, 766.5 164.3 80% cD., wag + 
20% .C-S stretch 
A, Ve Olas 610.1 90% C-S stretch + 
10% C-C stretch 
A, Ve Z3I3a4 Asymmetric cD. stretch 
A, V5 aay re 922.0 80% cD, rock + 
20% cD, twist 
A, Ve ET 630.3 80% cD., twist + 
20% cD, rock 
By Vg ZAG D 62 2184.8 Symmetric cD, stretch 
By Vi0 1064.2 1066.6 80% cD, deformation + 
10% cD. wag + 
10% C-S stretch 
By V4 830.7 be PAV ACES) 90% cD, wag + 
10% cD, deformation 
By Vi San 607.0 85% Cae stretch + 
15% CCS bend 
BA, V 235.03 Daley Asymmetric cD. stretch 
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TABLE 21 (continued) 


B, Vi4 710.8 707.5 50% cD, twist + 
50% cD. rock 
By Vis 578.1 584.3 30Z cD., rock + 


50% cD, twist 


a) Determined from the potential energy distribution in 


Appendix III. 


TABLE 22 


The Assignment of the Fundamental Frequencies of cis-C,_D,H,S 


Mode Observed Calculated 
A Mi BUD2.0 3062.2 
Ag V5 yay pate! 2259.1 
He V3 £352. 0 132922 
a) Uh 1083.7 1080.1 
AY Ve 971.9 967.5 
AS V6 730.0 760.2 
AS V5 624 a/ 65757 
A' Vg 614.8 608.2 
A" Vg 3052 3063.7 
AN" oe 2272 DEST th 
Se 1310 1302.7 


e = 
Frequencies/cm 


- Pie 
Description 


C-i 


EY Re 


stretch 
stretch 


HCD bend + 
SCH bend + 
CCH bend + 
C=C stretch 


GG stretch + 
SCH bend + 
C-S stretch 
CCH bend + 
SCH bend + 
HCD bend 


SCD bend + 
SCH bend 


G—S) Stretchy 
CCD bend + 
CCH bend 


G=S stretch + 
CCD bend 


stretch 
stretch 


HCD bend + 
SCH bend + 
CCH bend 
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TABLE 22 (continued 


1p 1068.5 1068.1 60% CCH 


921.3 917.8 - 40% ccd 


14 Seer eer FLO 2 60% SCD 


L5 


v mos 615.8 70% C-S 


Determined from the potential energy distributions 


vectors in Appendices II and III. 


bend + 
bend + 
bend + 
bend 


bend + 
bend + 
bend 


bend + 
bend + 
stretch + 
bend 


stretch + 
bend + 
bend 


and eigen- 
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TABLE 23 


The Assignment of the Fundamental Frequencies of 


Reequenci se ents 

Mode Observed Calculated _Deseription® 

A Vy B05100 3067.0 C-H stretch 

A Vo 227 222 2270e2 C-D stretch 

ie 1315.2 1338.4 65% HCD bend + 
LZ SCH bend + 
10% CCH bend + 
10% C-C stretch 

A Vy, TELS La Seo 60% C-C stretch + 
20% CCH bend + 
10% CCD bend + 
107 C-S stretch 

A Ve aes NOG. 2 35% C-G stretch + 
30% CCH bend + 
25% SCH bend + 
10% SCD bend 

A V6 867.7 S7O2.5 40% CCD bend + 
297, SCH bend + 
25% HCD bend + 
10% SCD bend 

Av 704.5 698.7 70% SCD bend + 
20% C-S stretch + 
10% SCH bend 

A Ve 61L/.5 616.7 80% C-S stretch + 
10Z C-C stretch + 
10% SCH bend 

BV 3044.2 3058.8 C-H stretch 
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B Y10 2202" 
B Vu1 Teor 
B V2 1002. 
B V3 tise 
B VG 668. 
B V5 618 


a) Determined 


vectors in 


TABLE 23 (continued) 


2 2245.9 
uf 1288.7 
8 1000.9 
4 784.8 
Z oepelial 

bloe7 


Pos: 


stretch 


HCD bend + 
SCH bend 


GGH bend f 
HCD bend + 
SCH bend 


SCD bend + 
SCH bend + 


C-S stretch 


Gepebend es 
CCH bend + 
HCD bend 


C-S stretch + 
CCS bend + 
CCD,SCD bends 


from the potential energy distributions and eigen- 


Appendices II and III 
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the infrared spectrum of trans-C.D.H.S can be assigned to 


modesvof Avsymmetry and those at’ 304472,92262.2; 129301, 
PY Sear and 660% 2 cm”? can be assigned to modes of B sym- 
D of C,D,S is calculated to absorb 


quien Femur whi checontirms: ite assignment in this re- 
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gion in the Raman spectrum of the liquid. The calculations 
also revealed several near-degeneracies which undoubtedly 
account for the failure to observe certain fundamentals 
iiPecnewspectra. “First, for cis-C,D,H5S, the A‘ “and A" 

C-H stretching modes are calculated at 3062.2 and 3063.7 


cmt, respectively, and the A' and A" C-D stretching modes 
ege,calculatedeat 2259.1 “and 7225 71.44 cmt, respectively. 
Second, the frequencies calculated for the symmetric and 
asymmetric C-S stretching modes differ by only 1.5 cm 1 
il ail : 
EOGeLrans C,D5H.S, Belem iB(oue CDS, TE ous for .cis— 


C.D.5H.S hare MASS: em > LOL CHS. 

The forms of the normal vibrations in terms of the 
internal coordinates listed in Table 5 are given by the 
potential energy distributions and the eigenvectors 
(Section 4.5) which are presented in Appendix II for each 
isotopic molecule. In this Appendix, the elements of 
the potential energy distributions are listed, under each 
frequency, in the order of the sixteen non-zero force 
constants. in the “final” column ot Table LS. The elements 


of the eigenvectors are listed, under each frequency, in 


the order of the internal coordinates in Table 5. From 
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Appendix II it is not easy to see which of the vibrations 


of C5H,S and C.D,S correspond to methylenic wags, deform- 


ations, rocks, "and stwists.r'In»,order -to describe sthe-vib- 
rations in terms of these motions, the calculations were 


repeateduwithitheefinalviorce field ifor C.H,S and C.D,S, 


using VSEC (138). This program gives the potential 
energy distributions among the diagonal elements of the 


symmetrized force constant matrix, Ber which is defined 


~ 


(138) as 
t 


Poon ee (‘* 


where the elements of the U matrix, Cin relate the sym- 


~ 


metry coordinates, Sis to the internal coordinates, Is, 


through the matrix equation 


Seat 1 (2) 


For the calculation by VSEC, the symmetry coordinates shown 


in Table 6 were used except for Sar Ser S Ss 


Geto ea 


S and S which were rewritten as the linear 


Pilceaate ake 20! 
combinations shown in Appendix III to describe the methyl- 
enic deformations, wags, rocks and twists. Appendix III 
also shows the potential energy distribution among the 
diagonal elements of the F, matrix which results from this 
Calculation for CH,S and CD,S. 

The calculated assignments of the normal modes of 
CHAS and C,D,s as determined from Appendix III are summar- 
ized in Tables 20 and 21, respectively, along with the 
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observed and calculated frequencies. Most of the vibra- 


ELons: Of C.H,S can be reasonably well described by a 


Single type of displacement, e.g. methylenic wag, C-H 
stretch, etc. However, a signiricant’ amount Of mixing 


occurs between the methylenic twisting and rocking vibra- 


tions. For C,D,S, all of the vibrations below 2000 sre 


involve several types of displacements, so the descrip- 
tions of the vibrations as twists, rocks, deformations or 
wags are less meaningful than for CHAS. The calculations 
also show that, for both CoH,S and C.D,S, the A. mode with 


the greater methylenic twisting character is to low fre- 


quency of the A, mode with the greater methylenic rocking 


2 


character, which is the reverse of the order accepted for 
other molecules (Section 4.3). This may indicate that the 
relative order of these modes depends upon the substituent 
an thie ring, Of Might Lrerlect a ldericventy (in, cles. ina 
force field, although the frequencies calculated for the A, 


modes of C,H,S with this force field agree well with those 


2 4 
reported by LeBrumant (Table 9). It is not surprising that 
these two modes mix since they have the same symmetry. 


The A, methylenic wag of C,H,S is calculated at Tower fre- 


quency than the C-C stretch, which suggests that the re- 
verse order proposed by Aleksanyan and Kuz'tyants (Tables 
9 and 10) is wrong. 

The vibrations of cis-C,D,H.S and trans-C.D,H,S can- 


not be conveniently described in the same way as those of 


C.H,S and C.D,S, so the potential energy distributions and 
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eigenvectors shown in Appendix II were used to indicate 
the form of these vibrations. It is more apparent which 
vibrations are SCH, CCH bends and which are SCD, CCD 
bends from the potential energy distribution among the 
diagonal elements of the x matrix symmetrized using the 
symmetry coordinates in Tables 7 and 8. Accordingly, 
these distributions are included in Appendix III. The 
information given in Appendices II and III is summarized 
in Tables 22 and 23 for Cis-C,D.,H.S and trans-C.D.HS, 
respectively, by indicating the percentage contribution 
to the potential energy from the diagonal force constants 
for each equivalent set of internal coordinates. Except 
for the C-D and C-H stretching modes, most of the vibra- 
tions involve more than one type of displacement. Tables 
22 and 23 also include the observed and calculated fre- 
quencies and, along with Tables 20 and 21, summarize the 
assignment of the fundamental frequencies in the spectra 
of the four molecules in the gas phase. 

No further refinement of the force field shown in 
the 'final' column of Table 15 was attempted using all 
of the assigned frequencies in Tables 20-23. The sixteen 
force constants in this force field reproduced the thirty- 
six frequencies which were included in the final refine- 
ment with an average error of 0.41% and, thus, the force 
field appears to be quite reliable. The uncertainty in 


each force constant is calculated by FPERT from the relation- 
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ship between the Prequeneves ana=ene LoOrce constants (138), 
and is given in Table 15. It can be seen that most of 

the force constants are well determined. It should be borne 
in mind, however, that many force constants in the general 
valence force field were not considered at all in this 

work. Further, those force constants that were tried and 
rejected because they did not improve the fit may well 

have had an influence if they had been tried at a different 
stage of the calculation. Therefore it is probable that 

the physical significance of the force constants obtained 

is not great, and further, that they should only be com- 
pared with those obtained for other molecules if the 

force fields for the other molecules contain similar inter- 
action constants to those used in this work. 

The most significant results obtained in this study 
are believed to be 1) that the potential energy distri- 
bution and the eigenvectors yielded descriptions of the 
various normal vibrations which were not greatly dependent 
on the force field, and.2) that the calculations indicate 
that the fundamental frequencies selected for the four 
isotopic modifications of ethylene sulphide are mutually 
consistent. It is believed, therefore, that the fundamental 
frequencies listed in Tables 20 - 23 and the descriptions 
of the vibrations in terms of the intramolecular displace- 


ments are reliable. 
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11 
) CD, 
1 0.166667 
S) -0.038911 
9 0.115402 
13 -0.002831 
17 -0.068417 
2 0.114611 
9 0.103741 
13 -0.070223 
ee -0.003€£51 
=! 02114611 
10 -0.,.070223 
14 -0.003550 
18 -0.051769 
Ss -0.036401 
14 -0.050076 
18 0.029181 
8 -0.069597 
15 -0.050076 
19 -0.014278 
9 -0.069597 
15 -0.041933 
19 0.029181 
SW ©.082409 
16 0.100630 
ae) -0.014903 
14 -0.435901 
18 -0.086546 
ale -0.376545 
16 -0.435904 
20 0.044199 
i bee} -0.009091 
17 0.062311 
11 0.570343 
15 0.168023 
19 —-0.049066 
14 -0,033030 
18 -0.049066 
14 0.062311 
18 =-0.049066 
is -0.062504 
19 0.025339 
17 -0,126058 
16 0.625854 
20 -0,.036750 
20 -0.036750 
19 0.086450 
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0.033774 
-0.038910 
-0.002830 
-0. 068417 
-0.041962 

0.021002 
-0.004567 
-0.014761 

0.064535 


-0.034979. 


-0.070223 
-0.003550 
0.064535 
-0.069597 
0.100630 
-0.014278 
0.082409 
-0 .041933 
-0.014903 
-0.041662 
-0.050076 
-0.014903 
-0.041662 
-0.050076 
1.062343 
-0.435901 
0.042347 
-0.376545 
—-0.435904 
0.570343 
0.168023 
0.032508 
-0.cO09091 
0.062311 
0.016558 
0.062311 
0.032508 
-0.033030 
0.032508 
-0.126058 
-0.036751 
0.011411 
-0.062504 
0.625854 
0.086450 
-0. 028400 
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0.033774 
-0.038910 
-0.002830 
-0.068417 
-0.041962 
-0.034979 
-0.004S5E7 
-0.014761 
-0.051769 
-0.034979 
-0.004567 
-O.0147€E1 
-0.012766 
-0.041662 

0.050076 
-0.014903 
-0.041662 

0.050076 

0.579833 

0.082409 

©. 100630 

0.579833 
-0.041933 
-0.014278 
-0.376544 
-0.012075 

0.044159 
—O,OLZOTS 

0.042347 
=O O02" 37 
-0.099738 
-0.049066 

0.007%60 
-0.033031 

0.570344 

0.168026 

O60 16557 
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0.105560 

0.625854 
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0.166667 
-0.038911 
0.115402 
-0.002831 
-0.068417 
0.114611 
0.103741 
-0.070223 
-0.003551 
0.114611 
-0.070223 
-0.003550 
-0.051 769 
-0.036401 
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0.029181 
-0.069597 
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-0.014278 
-0.069597 
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-0.038910 
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APPENDIX I (continued) 


AL, =- 
(LVIE trans C,D,H.S 
{oi 0.166667 1 2 0.033774 
1 S -0.038911 1 6 -0.038910 
1 9 0.115402 110 £-0.002830 
1 i -0.002831 114 -0.068417 
117 ~0.068417 118 #£-0.041962 
2 2 0.114611 2 3 0.021002 
oang O,103741 210. -0.004567 
O13. =0.070225 2°14 =0,014761 
217 +0.003551 2 18 0.064535 
Sars 0.114611 3 4 £4~-0.034979 
3.10 -0.070223 311 -0.070223 
314 -0.003550 3 15 -0.003550 
318 -0.051769 3 19 0.064535 
4 5 -0.036401 4 8 -0.069597 
414  -0.050076 4 15 0.100630 
4 18 0.029181 419 -0.014278 
5 8 ~-0.069597 510 0.082409 
§15 ~-0.050076 5 16 <-0.041933 
619 -0.014278 5 20 <=0.014903 
6 9 -0.069597 612 -0.041662 
6.15 ~0,.041933 616 <-0.050076 
619 0.029181 6 20 -0.014903 
pag be 0.082409 713 £-0.041662 
TVG 0.100630 7 17 #£4«°-0.050076 
720 =-0.014903 8 & 1.489525 
814 -0.435901 815 +-0.796177 
818 -0.086546 8 19 0.042347 
912 +-0,.692689 913 -0.376545 
9 16 . =-0.796181. 9 17 =—0¢445904 
9 20 0.044199 10 10 0.570343 
10 13 -0.009091 10 14 0.168023 
10.17 0.062311 10 18 0.032508 
i213 0.997526 11 12 -0.009091 
11 15 Occ7osi7 11 16 0.062311 
1119 -0.049066 11 20 0.016558 
1214 -0.033030 12 15 0.062311 
12 18 -0.049066 12 19 0.032508 
13,14 0.062311 13 15 -0.033030 
13.18 ~-0.049066 13 19 0.032508 
14 15 -0.062504 14 1€ ~0.126058 
14 19 0.025339 14 20 -0.036751 
15 17 ~0.126058 15 18 0.011411 
16 16 1.053039 16 17 =-0.062504 
16 20 -0.036750 17 17 0.625854 
17 20 -~-0.036750 18 18 0.086450 
19 19 0.086450 19 20 -0.028400 
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PEPIPITE NID (hax sat. 


POTENTIAL ENERGY DISTRIBUTIONS? AND EIGENVECTORS? FOR 
————— ee NY SS ESENVECTORS FOR 


C5H,S, C5D,S, cis-C,D,H5S and trans-C.D,H.S 
Sr ee ee Oe ee ee ee 


(i) C.H,S : Potential Energy Distribution® 


FREQUENCY =3018.5 CM-1 

0.0073 0.0015 0.9868 0.0024 0.0003 0.0004 0.0000 0.0038 -0.0006 
-0.0015 -0.0006 -0.0003 -C,0000 0.0001 -0.0003 0.0006 

FREQUENCY =1466.0 CM-I 

ohrstoReiets! ley(@nyol sl ~ latoxesies sWaiieral 0.2846 0.1377 90.0005 0.0000 -0.3095 
-0.0976 -0.0494 -0.0946 -0.0033 0.0290 -0.1604 0.0590 

FREQUENCY =1107.1 CM-1 

0.8562 0.90904 0.0060 0.0178 0.0487 0.0002 0.0054 0.0000 0.0049 
-0.0120 0.0584 -0.0001 -0.0000 0.0000 0.0025 -0.0785 
EREQUENCYS—U023,5) CM— 

OSIOCI59 020150) 8505 0000) 806 O877 0.2590) Of 2551 0.90003 0.0000 0.4019 
SO) OSs SOSH @EYKS) Sen lisa) SO olives isis ea etisle) els (ply! 

FREQUENCY = 633.3 CM-1 

Osl296) 1.0231 0.0001 0.0363 0.0658 0.0006 0.0155 0.0000 -0.0096 
0.0079 -0.2284 -0.0004 -0.0000 0.0001 -0.0050 -0.0355 

FREQUENCY =3109.2 CM-1 


0.0 0.0 0.9958 0.0 0.0019 0.0043 0.0 ~0.0038 -90.,0044 
0.9 0.0 0.0030 0.0001 0.0009 0.0023 0.0 
FREQUENCY =1160.2 CM-1 
0.0 0.0 0.90080 0.0 0.1639 0.5485 0.0 -0.0000 -0.4688 
0.0 0.90 O02 S768 950. 0133900. 11/54 0.2430 0.0 
FREQUENCY = 890.2 CM-1 
0.0 0.0 0.90000 0.C 0.9140 0.0091 0.0 ~0.0000 0.1423 
0.0 0.0 0.0062 0.0002 0.0019 -0.0737 0.0 
FREQUENCY =3010.4 CM-1 
0.9 9.0013 0.9933 0.0022 0.0003 0.0002 0.0002 0.0038 -0.,0004 
0.0 -0.9006 -0.0001 0.0000 -0.0000 -0.0002 0.0 
FREQUENCY =1431.9 CM—-1 
0.0 0.0149 0.0015 1.1196 0.3698 0.0997 0.0028 0.0000 -0.3003 
0.9 ~0.0653 -0.0685 0.cC024 -0.0210 -0.1556 0.0 
FREQUENCY =1060.2 CM-1 
0.C 0.0041 0.0002 0.1907 0.1906 0.33C8 0.0008 0.0000 0.3927 
0.9 -0.0246 -0.2273 0.0080 -0.0696 0.2035 0.0 
FREQUENCY = €45.9 CM-1 
0.0 0.8382 0.0012 0.0001 0.90000 0.0308 0.1565 0.0000 ~0.0001 
0.0 0.0003 -0.0212 0.0007 -0.0065 ~0.0001 0.0 
FREQUENCY =3100.6 CM-1 
0.9 0.90 OO ZOO 0 0.0017 0.0002 0.0 -0.0038 -0.0010 
0.0 0.0 0.0002 -0.0000 -0.0000 0.0005 0.0 
FREQUENCY = 947.1 CM-1 
0.0 0.0 0.0014 0.0 1.0447 0.0047 0.0 -0.0000 -0.1098 
0.0 0.0 C.0032 -0.0001 -0.0010 0.0569 0.0 
FREQUENCY = 820.5 CM-1 
0.0 0.0 0.0002 0.0 0.0619 0.7581 0.0 -0.0000 —-0.3387 
0.0 0.0 0.5208 -0.0184 -0.1S95 0.1755 0.90 


a) Entries under each frequency are listed in the order of the sixteen 
non-zero force constants in the 'final' column of Table 15. 


b) Entries under each frequency are listed in the order of the in- 
ternal coordinates in Table 5. 
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APPENDIX II (continued) 


(i) 5 | C.H,S : Eigenvectors> 


FREQUENCY =3018.5 CM-1 
0.0906 0.C395 0.C395 
=07,,0287 -0. 0281 —0. 0281 
FREQUENCY =1466€.0 CM-1 
0.1451 OC OSS07> O2053¢ 
(2953-0. 3952) —C.Sc53 
FREQUENGY =a°O7 2d CM— J 
0.3597 0.41144 0.1144 
0.1234 0.1234 0.1234 
FREQUENCY =1023.5 CM-1 
0.0277 -0.0432 -0.0432 
One2632" OV2632" 0.2632 
FREQUENCY = 633.3 CM-1 
-0.0890 0.2202 0.22202 
=0.0821 -0.0821 —-0. 0821 
FREGUENCY =3109.2 CM-1 
0.0 0.0 0.0 
0.0677 0.0677 -0.0677 
FREQUENCY =1160.2 CM-1 
0.0 0.0 0.0 
-0.2374 -0.2374 0.23574 
FREQUENCY = 890.2 CM-1 
0.0 0.0 0.0 
-0.4501 -0.4301 0.4301 
FREQUENCY =3010.4 CM~1 
0.0 0.0368 -0.0368 
0.0270 -9.0270 -0.0270 
FREQUENCY =1431.9 CM-1 
9.0 -0.0600 0.0600 
-0.4401 0.4401 0.4401 
FREQUENCY =1060.2 CM=-1 
0.0 020233 )-0\. 0233 
022339 —Oe2539F—0.23539 
FREQUENCY = €45.9 CM—1 
0.0 0.2032 =—0.2032 
-0.0001 0.0001 0.0001 
FREQUENCY =3100.6 CM—1 
0.0 0.0 0.0 
0.0648 -0.0648 0.0648 
FREQUENCY = 947.1 CM=1 
0.0 0.0 0.0 
-0.4893 0.4893 -0.4893 
FREQUENCY = 820.5 CM-1 
0.0 0.0 0.0 
0.1032 -0.1032 0.1032 


-0.5093 
-0.0383 


0.0142 
=—O5 3597, 


0.0146 
-0.0103 


-0.0011 
=) 3381 


0.0008 
-0.0099 


0.5269 
-€.1339 


0.0177 
0.5620 


0.0011 
-0.0554 


0.5096 
0.0276 


0.0095 
=Os 2957 


0.0024 
-0.3°988 


-0.0038 
-0.0742 


O.S272 
-0-0301 


0.0060 
0.0425 


-0.0020 
-0.4672 


-0.5093 
-0.0383 


0.0142 
=O. 3557 


0.0146 
=-0.C103 


=O. COT! 
=OSs 8. 


0.00C8 
-0.0099 


-0.5269 
061339 


Ko Cale! eed 
-0.5620 


~0.0011 
0.0554 


0.5096 
0.0276 


0.0095 
Osc 9or 


0.0024 
-0.3988 


-0.,0028 
-0.0742 


—0. 5272 
0.0301 


-0.0060 
-0.0425 


0.0020 
0.4672 


-0,5093 
-0.0383 


0.0142 
=O53557 


0.0146 
-0.0103 


=O. CCTM 
=Oess8. 


0.00CA 
-0.0099 


-0.5269 
051339 


=O O17 07 
-0.5620 


-0.0011 
0.0554 


-0.5096 
=—Oe0276 


-0.0095 
0.2957 


-~0.0024 
0.3988 


0.0038 
0.0742 


0.5272 
-0.0301 


0.0060 
0.0425 


-0.0020 
-0.4672 


Oe 0193 
~0.0383 


0.0142 
=0.3557 


0.0146 
~-0.0103 


=S0011 
=05 35381 


9.0C08 
-0.0099 


0.5269 
=05 13539 


0.0177 
0.5620 


0.0011 
-0.0554 


-0.5096 
-0.0276 


-0.0095 
0.2957 


-0.0024 
0.3988 


0.0038 
0.0742 


Ono aie 
0.0301 


-0.0060 
-0.0425 


0.0020 
0.4672 


0.0919 
So) WAT 


0.9494 
-0.0317 


-0.0910 
-0.0804 


0.1866 
-0.0189 


0.0742 
0.90779 


0.0 
0.0 


0.0 
0.0 
~0.0869 

0.0458 


0.9325 
-0.0746 


0.2850 
0.0290 


0.0032 
0.2525 


O. 
fe) 


0.0919 
-0.0177 


0.9494 
=O.0317 


-0.0910 
-0.0804 


0.1866 
-0.0189 


0.0742 
0.0779 


0.0 
0.0 


0.0869 
-0.0458 


—-0.9525 
0.07456 


-0.2850 
-9.0290 


-0,0032 
—O.2o2) 


0.0 
0.0 


-0.0281 
0.03253 


—0.3953 
0.0633 


0.1234 
0.1608 


0.2632 
0.0378 


-0.0821 
—-0.1557 


-0.0677 
0.0 


0.2374 
0.0 


0.4301 
0.0 


0.0270 
0.0 


-0.4401 
0.0 


0.2339 
0.0 


-0.0001 
0.0 


-0.0648 
0.0 


0.4893 
0.0 


-0.1032 
0.0 


184. 


ivi o.4~ 
aeie.d 


: CBM .0e 


#1 was? 


mite8 
goa) ,5 


(ce, .d 
oit.e 


345.>5~- 


ni.2*> 


726. 
8.6 


°6S.2 
6.8 


(ee 
: @o 
ays4 8 

e,& 


gee. 
6,6 


#CC Le 
Gee 


feze<a= 
*.6 


¢693,0* 
er 


{¢pe,4 
4%, ;. 


994,6 
Te 6 7 


may? 
7150 09" 


e(ea2,.9* 
e460 %- 


ea41.0 
Ale Ae 


qeru e 
PID» 


oe cee | 
(@taa.t- 


E764 . o- 
ALND © 


e<es¢ .¢ 
63 eee) 


esd a we 


ear .5= 


0.8 
2,9 


a8 
5.9 


de® 
o.£ 


uro.? 
erea.er: 


ePa?.® eal 


+ 
tgtn.o- OF OE e- 


WPA ed Er. 46 


me. 


tio. 


046 .9~ €P10,0% E516, 


ease? f998.0+ 
tqIVA- Ff eer 


1476.) a ats 
. 7s 4 FoS4, oe" 


ber 7eee.t.. 
Go tio 


ou § «Wy, 
ig8 e2p6.4 


6. ipea.3 
Ye setfesége 


Tab. PAO 
At © Sfitak= 


Gate.¢ B5st- 
6+7o,.9- ee. .6 


Chae.’ a800,¢ 
74. sees .5 


¢£49.0 O400—7, 


21.0 2044 
4 Ftt3 «t- 
Oo.) (000.8 
et “Geee.e- 
2,6 eBe8 .Q- 
9.9 Shee 
Cy «Grae.4 

f 

a — 


(48.D~ 
1a¢5,4< 


he @8 96 
bree, 


2e54 ge 
ee) 


49 2 
caaenr,t- 


/*70,.8@ 
“70 .@ 


4862.02 
#9 66,.~P ’ 


2764.9 = 


16 48 


iM eagh- 


ee 


atet.¢ 
ose ,o 


seie.a | 
944.2 


o806.0 
46°99. 


660 .o 
se, 


mepa.? 
te7ig@- 


Teer 
1942 .o* 


eiee.0 
Ovte De 


064? .b- 
ect int 


“ipa 
iob,* 


i ee 


Pi al LAP ® 


ORE 
ati. 


7208.3 
1204,0 


e6eg .6 

eG, de 
geae.t * 
sef6 .o= 


ws b= 
(t36,4. 


~ see . 
fSrbae- 


otec.® 
ae 6 


’ _ => 
0.9 a 


as 
s 
a 


1106,0- | 
iskt.b- 


9009 Pf 
#200 .0- 


een? .o 
+21 sd- 


710,08 
eee ,6 


1ptO4% 
ape? ,d- . 
ine) 28,6465" ¥ 
get2.@  #a56O° od 
$4$0,0 ~d¥se.6- oF 
io Pa fan 
tc¢,9 Beto 
woet.0- (96.9 geen laeneee 
a> cb te. 
#580,9, 6660,0- Cetu.@ ~ 9.0 
Se26,t ~ PERE .O- CEES.O- CHEE 
f-#) @#.c « Rw 
oree.t+ traR.o~ Seogce 92d 


deoto.a« jo00,0 (80.  set.c= 

p< > 6,001£e von 
7148.0 @xd et © Neg j 
4UTSs0~ Gaee.0 .Oeed.ee of 

i-m> ¢ Yee & @ORSVGRNS. 
$046.6 5. °.¢ _t 
aeed,.8 “£964 .6- §040,¢ 

jies> @.9055 « 
emcee 4,8 a0 en 


ov ee .t~ steels 26 f,0- ee 


APPENDIX II (continued) 


(ii) C.D,S : Potential Energy Distribution® 


FREQUENCY =2210.5 CM—-1 
0.0355 0.0C67 0.9517 
-0.0073 -0.0027 -0.0012 
FREQUENCY =1186.8 CM-1 
0.5834 0.0648 0.0397 
-0.2141 -0.0661 -0.0646 
FREQUENCY = 949.4 CM=-1 
0.3423 0.0203 0.0042 
0.0879 0.0681 -0.0186 
FREQUENCY = 764.3 CM-1 
0.90166 0.1951 0.0005 
-0.0577 -0.2011 -0.1645 
FREQUENCY = 610.1 CM-i 
0.1039 0.8543 0.0001 
0.0524 ~0.0733 -0.0217 
FREQUENCY =2333.4 CM—-1 


0.0 0.0 0.9768 
0.0 0.0 0.0100 
FREQUENCY = $22.0 CM-1 
0.0 0.0 0.0270 
0.0 0.0 0.3662 
FREQUENCY = 630.3 CM-1 
0.0 0.0 0.0001 
0.0 0.0 0. 0099 
FREQUENCY =2184.8 CM-1 
0.0 0,09052 0.9847 
0.0 -0.0023 -0.0005 
FREQUENCY =1066.6 CM-1 
0.0 0.0662 0.0073 
0.0 -0-.1401 —-0.0464 
FREQUENCY = 827.9 CM-1 
0.0 0.0190 0.0006 
0.0 -0.048S5 -0.2517 
FREQUENCY = 607.0 CM-1 
0.0 0.7680 0.0036 
FREQUENCY =2312.1 CM-1 
0.0 0.0 0.9987 
0.0 0.0 0.0005 
FREQUENCY = 707.4 CM-1 
0.0 0.0 0.0047 
0.0 0.0 0.0126 
FREQUENCY = 584.3 CM>1 
0.0 0.0 0.0004 
0.90 0.0 0.5111 


0.0112 
-0.0000 


Oe S827, 
-0.0023 


0.5006 


0.0818 
-0.0058 


0.0750 


0.0 
0.0004 


0.0 
0.0129 


0.0 
0.0003 


0.0085 
0.0000 


1.0445 
0.0016 


0.2449 
0.0089 


- 0.0146 
0.0007 


0.0 
-0.0000 


0.0 
-0.0004 


0.0 
-0.0181 


0.0014 
0.0004 


0.0871 
0.0198 


0.2943 
0.0057 


0.2675 
0.0503 


0.0081 
0.0067 


0.0062 
0.0030 


0.1861 
0.1121 


0.8873 
0.0030 


0.0013 
-0.0002 


0. 3826 
-0,0142 


0.15S7 
SOO TAT Aa! 


©.0171 


0.0056 
-0.0002 


1.0744 
-0.0039 


0.0283 
~0.1565 


0.0018 
-0.0013 


0.0941 
-0.0734 


0.0270 
-0.0723 


0.2051 


0.0316 
-0.0130 


0.0145 
0.0077 


0.5330 
0.2553 


0.0144 


0.0007 
-0.0008 


0.0675 


0.3664 
0.1960 


0.0269 
-0.0174 


0.0007 
0.0016 


0.0183 
0.1138 


0.7440 
0.1175 


Oe 
O~. 


0. 
0. 


0. 
—-0. 


Oe 
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0. 
—O\. 


0. 
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O~ 
O06. 


0002 
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0036 
0867 
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1220 
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0128 
0112 


0010 
0 


0124 
0) 


0.0036 


0.0002 


0.0000 


0.0000 


e.9000 
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0.0000 


0.0000 


0.0000 
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-0.0000 


-0.0000 
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-0.0031 
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APPENDIX II (continued) 


fics Gels 

( ) 2 4 
FREQUENCY =2210.5 CM-1 
0.1462 0.0620 0.0620 


-0.0415 -0.0415 -0.0415 
FREQUENCY =1186.8 CM-1 


0.3183 0.1038 0.1038 
-0.1770 -0.1770 -0.1770 
FREQUENCY = 949.4 CM-1 

0.1950 0.0465 0.0465 

0.2603 9.2603 0.2603 
FREQUENCY = 764.3 CM=-1 

0.0346 -0.1160 -0.1160 

0.1998 0.1$98 0.1998 
FREQUENCY = 610.1 CM-1 
-0.0691 0.1938 0.1938 
-0.0278 -0.0278 -0. 0278 
FREQUENCY =2333.4 CM-1 

0.0 0.0 0.0 

0.9930 0.0930 -0.0930 
FREQUENCY = 922.0 CM-1 

0.0 0.0 0.0 
=0.2011 -0.2011 0.2011 
FREQUENCY = €30.3 CM-1 

0.0 0.0 0.0 
-0.3001 -0.3001 0.3001 
FREQUENCY =2184.8 CM~—] 

0.0 0.0542 -0.0542 

0.0395 ~0.0395 -0.0395 
FREQUENCY =1066.6 CM—1 

0.0 -0.0943 0.0943 
=—Oessso O02 3355 (0533555 
FREQUENCY = €27.9 CM-J 

0.0 0.0392 -0.0392 

0.1672 -0.1672 -0.1672 
FREQUENCY = 607.0 CM-1 

0.0 0.1828 -0.1828 
-0.0401 0.0401 0.0401 
FREQUENCY =2312.1 CM—-1 

0.0 0.0 0.0 

0.0871 -0.0871 0.0871 
FREQUENCY = 707.4 CM-1 

0.0 0.0 0.0 
-0.3706 0.3706 -—0.3706 
FREQUENCY = S84.3 CM-1 

0.0 0.0 0.0 

0.0497 -0.0497 0.0497 


: Eigenvectors” 


-0.3662 -0.3€62 -0.3662 


-0.0616 -0.0616 +0.0616 
0.0402 0.0402 0.0402 
-0.2380 -0.2380 -0.2380 
0.0104 0.0104 0.0104 
0.102) 0.1021 0.1021 
-0.0029 -0.0029 -0.0029 
—0.2445 -0.2445 -0.2445 
0.0011 0.0011 0.0011 
-0.0709 -0.0709 -0.07C9 
O.3917 —05391'7"—063:917 
-0.1837 0.1837 0.1837 
0.0257 -0.0257 -0.0257 
0.4402 -0.4402 -0.4402 
0.0008 -—0.0008 -0.0008 
-0.0494 0.0494 0,0494 
0.3682 e2€82 -0,3682 
0.0383 0.0383 ~0.0383 
0.0155 0.0155 —0.015S 
=—O9 1 Ole Oot Cue Wel Ole 
0.0033 0.0033 -0.0032 
=Ogsetl —Ossamr  Oso2ud 
-0.0062 -0.0062 90,0062 
-0.0652 -0.0652 0.0652 
0.3924 -0.3924 0.3924 
-0.0404 0.0404 -0.0404 
0.0082 -0.0082 0.0082 
0.0627 ~0.0627 0.0627 
-0.0020 0.0020 -0.0020 
-0.3296 0.3296 ~0.3296 


-0.3662 
-0.0616 


0.0402 
-0.2380 


0.0104 
0.1021 


-0.0029 
-0.2445 


0.0011 
-0.0709 


0.3917 
-0.1837 


0.0257 
0.4402 


0.0008 
-0,0494 


-—0.3682 
-0.0383 


Oe Oe) 
0.1812 


-0,0033 
0.3277 


0.0062 
0.0652 


-0.3924 
0.0404 


-0.0082 
-0.0627 


0.0020 
0.3296 


0.1437 
-0.0289 


0.5576 
-0.0705 


-0.4134 
-0.0474 


€.1346 
-0.0388 


0.1029 
0.0681 


° 


0.0 
0.0 


0.0 
0.0 


-0.1242 
0.0673 


0.6709 
=O.i 172 


0.2522 
0.0487 


0.0452 
0.2272 
0.0 
0.0 


0.1437 
-0.0289 


0.5576 
=O 0 7105 


—0.4124 
—-0.0474 


0.1346 
-0.0388 


0.1029 
0.0€81 


0.1242 
-0.0673 


-0.6709 
Oeanare 


—Onenee 
-0.0487 


~0.0452 
= Oe amie 


-0.0415 
0.0578 


=O.1770 
0.1411 


0.2603 
0.0948 


0.1998 
0.0775 


-0.0278 
Orel Ors 


-0.0930 
0.0 


0.2911 
0.0 


0.3001 
0.0 


0.0395 
0.0 


-—0.3335 
0.0 


0.1672 
0.0 


-0.0401 
0.0 


0.3706 
0.0 
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APPENDIX II (continued) 


(12) cis-C.D,H.S : Potential Energy Distribution® 


FREQUENCY =3062.1 CM-1 
0.0030 0.0006 0.9958 0.0009 0.0010 06.0003 0.0000 -0.0005 -0.0007 
-0.0006 -0.0002 -0.0000 -0.0000 0.0000 0.0002 0.0002 
FREQUENCY =2259.1 CM—1 
0.0179 0.0034 0.9730 0.0072 0.0044 0.0015 0.0001 0.0004 -0.0036 
-0.0040 -0.0017 -0.0004 -0.0000 0.0001 0.0001 0.0017 
FREQUENCY =1329.1 CM—-1 
0.1704 0.0214 0.0162 0.9741 0.2776 06.1385 0.0010 0.0000 -0.3056 
-0.1332 -0.0623 ~-0.0761 -0.0034 0.0233 -0.1188 0.0768 
FREQUENCY =1080.0 CM-1 : ; 
0.7449 0.0697 0.0108 0.0448 0.1603 0.0118 0.0049 0.0000 -—0.0357 
-0.0126 0.20712 0.0077 -0.0003 -0.0024 0.0264 -0.1016 
FREQUENCY = 967.5 CM-1 
0.0004 0.0233 0.0009 0.1046 0.2455 0.2695 0.0001 0.0000 0.3965 
0.0084 ~0.0503 -0.0859 -0.0065 0.0263 0.0643 0.0030 
FREQUENCY = 760.2 CMri 
0.0325 0.0297 0.0026 0.0252 0.9901 0.0611 0.0012 -0.0000 -0.2574 
-0.0178 -0.0566 0.0259 -0.0015 -0.0079 0.1989 -0.0259 
FREQUENCY = 657.6 CM-1 
0.0317 0.4135 0.0006 0.0101 0.0788 0.4527 0.0054 -0.0000 -0.1478 
“0.0262 ~0.1146 0.2755 -0.0119 -0.0843 0.1294 -0.0139 
FREQUENCY = 608.2 CM-1 
0.0809 0.5797 0.0000 0.0845 0.0088 0.2215 0.0090 0.0000 -0.0080 
0.0472 -0.0604 0.1070 -0.0054 ~0.0328 -0.0224 -—0.0099 
FREQUENCY =3063.7 CM-1 


0.0 0.0005 0.9950 0.0006 0.0011 0.0025 0.0001 -0.0006 —-0.0026 
0.0 -0.0002 0.0017 0.0001 0.9005 0.0013 0.0 
FREQUENCY =2257.4 CM-1 
0.0 0.0026 0.9756 0.0068 0.0049 0.0094 0.0005 0.0006 —-0.0104 
0.0 -0.0014 0.0055 0.0002 0.0017 0.0040 0.0 
FREQUENCY =1302.7 CM-1 
0.0 0.0176 0.0122 0.9695 0.3870 %.1437 0.0033 0.0000 ~0.3620 
0.0 -0.0646 -0.0233 0.0035 -0.0071 -v.0797 0.0 
FREQUENCY =1068.1 CM~1 
0.0 0.0138 0.0094 0.0002 0.1698 0.3838 0.0026 -0.0C00 0.1358 
0.0 -0.0422 0.1533 0.0093 0.0469 0.1173 0.0 
FREQUENCY = $17.8 CM—1 
0.0 0.0034 0.0047 0.23290 0.2906 0.3919 0.0006 -0.0000 -0.2276 
0.0 0.0077 -0.0314 0.0095 -0.0096 0.2313 06.0 
FREQUENCY = 719.2 CM-1 
0.0 OslS47) 20.0005 90.00 20880 .6575— COST sOL0 251 80.0000 RO. 2529 
0.0 -0.0729 -0.0255 0.0018 —-0.0C078 -0.0442 0.0 
FREQUENCY = 615.8 CM~i 
0.0 0.6859 0.0027 0.0045 0.1292 0.0166 0.1280 0.0000 ~0.0251 
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APPENDIX II (continued) 


57, ) cis-C.D.H.S : Eigenvectors” 
FREQUENCY =3062.1 CM-1 

-0.0590 -0.0258 -0.0258 0.7325 -0.0457 0.7325 -0.0457 

0.0631 ~0.0312 0.0631 0.0018 0.0455 6.0018 0.0455 
FREQUENCY =2259.1 CM-1 

0.1060 0.0450 0.0450 -0.0271 -0.£345 -0.0271 -0.5345 

0.0286 -0.1037 0.0286 -0.0797 -0.0176 -0.0797 -0.0176 
FREQUENCY =1329.1 CM-1 

0.1926 0.0668 0.0668 0.0132 90.0385 CeOLoenO.Os 35 
~0.1860 -0.4647 -0.1860 -0.4093 -0.2045 -0.40S63 ~0.2045 
FREQUENCY =1080.0 CM=-1 

0.3273 0.0980 0.0980 0.0148 0.0225 0.0148 0.0225 

0.0263 0.3080 0.0263 0.0645 -0.0870 0.0645 -0.0870 
FREQUENCY = 967.5 CM-1 

~0.0070 ~0.0507 -0.0507 -0.0003 -0.0072 -0.0003 -0.0072 

0.0248 0.3417 0.0248 -0.4511 —-0.1110 -0.4511 -0.1110 
FREQUENCY = 760.2 CM-1 
-0.0481 0.0451 0.0451 0.0043 ~0.0082 0.0043 -0.0082 
-0.4978 0.2110 -0.4978 0.1643 -0.0567 02-1643 -0.0567 
FREQUENCY = 657.6 CM-1 

-0.0411 0.1453 0.1453 -0.0003 €.0039 -—-0.0003 0.0039 
-0.0027 -0.1320 -0.0027 ~0.2118 0.2502 -0.2118 0.3502 
FREQUENCY = 608.2 CM=-1 

-0.0608 0.1591 0.1591 0.0006 0.0004 0.9006 0.0004 
-0.0197 -0.0357 ~0. 0197 0.1006 -0.2449 0.1006 -0.2449 
FREQUENCY =3063.7 CM-1 

0.0 -0.0235 0.0235 -0.7320 0.0542 ©.7320 -0.0542 
—-0.0650 -0.0354 0. 0650 0.C8S59 -0.1133 -0.0859 O21 133 
FREQUENCY =2257.4 CM-1 

0.0 0.0397 -0,0397 0.0408 0.£240 -0.0408 -0.5340 
-0.0346 -0.1070 0.0346 0.1770 —-0.C983 —-0.1770 0.0983 
FREQUENCY =1302.7 CM-1 

0.0 0.0594 -0.0594 -0.0013 -0.0346 0.0012 0.0346 
O.1771 —O. S515 =O. 177i 0.4535 0.0543 -C.4535 -0.0543 
FREQUENCY =1068.1 CM-1 

0.0 -0.0431 0.0431 0.0109 —-0.0223 -0.01C9 0.0223 
-0.2490 0.1922 0.2490 0.5827 -0.1869 -0.5827 0.1869 
FREQUENCY = S17.8 CM-1 

0.0 -0.0184 0.0184 0.0112 —-0.0101 -0.0112 0.0101 
-0.1709 -0.3096 0.1709 -0.0311 -€.5305 0.031! 0.5305 
FREQUENCY = 719.2 CM-1 

0.0 -0.0907 0.0907 0.0014 0.0029 -0.0014 -0.0029 
-0.3652 -0.2011 0.3652 0.0464 0.1770 -0.0464 -0.1770 
FREQUENCY = 615.8 CM-1 

0.0 -0.1753 Os livios 0.90026 0.0073 -0.0026 -0.0073 

0.1417 0.0704 -0.1417 0.0502 0.0534 -0.0502 -0.0534 


=0.0553 
0.0115 


0.1181 
-0.0209 


0.8074 
-0.U417 


-0O.14CE 
-0.0747 


0.1926 
-0.0103 


0.0743 
9.0255 


-0.0407 
0.0479 


0.1088 
0.0572 


0.0473 
-0.0292 


-0.1148 
0.0493 


=O. 7895 
0.0738 


-0.0095 
-0.0535 


0.3240 
-0.0229 


~0.0198 
-0.1127 


-0.0253 
-0.21789 


-0.0553 
0.0115 


0.1181 
-0.0209 


0.8074 
-0.0417 


-0.1406 
-0.0747 


0.1926 
-0.0103 


0.0743 
0.0255 


-0.0407 
0.0479 


0.1088 
0.0572 


~0.0473 
0.90292 


0.1148 
-0.0493 


0.7895 
-0.0738 


0.0095 
0.0535 


~0.3240 
0.0229 


0.0198 
0.1127 


0.0253 
0.2178 


=O, 032 
-0.0230 


-0.1037 
0.0419 


-0.4647 
0.0834 


0.2080 
0.1493 


0.3417 
0.0205 


0.2110 
=O.0 510 


-0.1320 
-0.0958 


= OOS o7 
-0.1143 
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0.0 
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APPENDIX II (continued) 


(iv) trans-C.D.,H.S : Potential Energy Distribution® 


a eee 


FREQUENCY =3067.0 CM-1 
0.0029 0.0006 0.9923 0.0007 0.0011 0.0026 0.0000 -0.0005 -0.0026 
-0.0005 -0.0002 0.0016 0.0001 0.0005 0.0012 0.0002 
FREQUENCY =2270.2 CM—1 
0.0176 0.0033 0.9601 0.0083 0.0050 0.0097 0.0001 0.0005 -0.0108 
-~0.0045 -0.0017 0.0048 0.0002 0.0020 0.0036 0.0017 
FREQUENCY =1338.3 CM-1 
ValLssoseOsot7 0 OS 021s VO.os21 0.2735 0.1644 0.0008 0.0000 ~-0.3314 
-0.21215 -0.0537 -0.0619 -0.0022 0.0346 -0.0990 0.0671 
FREQUENCY =1118.8 CM-1 
0.5313 0.0668 0.0075 0.0045 0.0588 0.2006 0.0031 0.0000 -0.1697 
0.0321 0.0078 04.1346 0.0048 0.0422 0.0852 -0.0096 
FREQUENCY =1026.1 CM-1 
C.2369 0.90041 0.0101 0.0097 0.2702 0.2075 0.0022 -0.0000 0.2530 
-0.1001 0.0286 0.0730 0.0026 0.0437 0.0532 ~0.0946 
FREGUENCY = 876.5 CM-1 
OO LSS OOS 7.1 0.0086 0462311 0423244 0.3116 0.0000 -0.0000 -0.2288 
0.0529 -0.0247 -0.0206 -0.0007 0.0685 0.2163 0.0079 
FREQUENCY = €98.7 CM-1 
0.0391 0.21822 0.0001 0.0046 0.7168 0.0413 0.0033 0.0000 0.2371 
-0.0302 ~0.1447 -0.0099 -0.0004 0.0087 -0.0186 -0.0293 
FREQUENCY = €16.7 CM-1 
0.0954 0.8301 0.0001 0.0404 0.0884 0.0181 0.0122 0.0000 0.0095 
0.0329 -0,0864 -0.0062 -0.0002 0.0038 —-0.0253 -0.0128 
FREQUENCY =3058.8 CM-1 


0.0 0.000 0.9986 0.0007 0.0010 0.0002 0.0001 -0.0005 —-0.0006 
0.0 -0.0002 90,0000 -0.0000 -t.0000 0.0002 0.0 

FREQUENCY =2245.9 CM-1 

0.0 0.0026 0.9895 0.0058 0.0043 0.0010 0.0005 0.0005 -0.0031 
0.0 -0.0014 -0.0000 0.0000 -0.0002 0.0005 0.0 

FREQUENCY =1288.7 CM-1 
0.0 0-0218 0.0063 1.0154 0.4232 0.0983 0.0041 0.0000 -0.3189 
0.0 -0.0774 -0.0441 0.0016 -0.0207 ~0.1096 0.0 

FREQUENCY =1000.9 CM-1 
0.0 0.9026 0.0003 0.2048 C.1975 0.3380 0.0005 0.0000 0.3929 
0.0 —0.0158 —~O0.1581 0.0056 —O.0711 0.1029 0.90 

FREQUENCY = 784.8 CM-1 

0.0 0.0878 0.0019 0.0099 0.9440 0.0633 0.0164 -0.0000 -0.,2437 
0.0 -0.0664 0.0146 -0.000S5 -0.0133 0.1861 0.0 

FREQUENCY = 659.1 CM-1 

C.0 0.0235 0.0003 0.0614 0.0154 0.6463 0.0044 0.0000 -0.0726 
0.9 0.012 0.3914 -0.0138 -0.1359 0.0670 0.0 

FREQUENCY = 618.2 CM-1 
0.0 0.7196 0.0031 0.0146 0.0835 0.0776 0.1343 0.0000 -0.1116 


0.9 0.0585 0.0032 -0.0001 -0.0163 0.0335 0.0 
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APPENDIX II (continued) 


(iv) 


trans-C.D.H.S 


: Eigenvectors 


FREQUENCY =3067.0 CM-1 


-0.0583 -0.0255 -0.0255 
-0.0342 -0.0242 0.0653 
FREQUENCY =2270.2 CM-1 
0.1059 0.0449 0.0449 
-0.1094 -0.1094 0.0329 
FREQUENCY =1238.3 CM-1 
0.1751 0.0599 0.0599 
“0.4742 -0.4742 -0.1592 
FREQUENCY =1118.8 CM-1 
0.2863 0.0994 0.0994 
0.1551 O.1551 —O7 1162 
FREQUENCY =1026.1 CM-1 
=O.1753 —-0.0227 -0.02e7 
-0.3250 -0.3250 -0.1992 
FREQUENCY = 876.5 CM-1 
0.0431 0.0580 0.0580 
-0.3085 -0.308S 0.1793 
FREQUENCY = 698.7 CM-1 
-0.0485 0.1025 0,1025 
0.1302 0.1302 -0.4023 
FREQUENCY = 616.7 CM—1! 
0.0669 ~0.1931 -0.1931 
0.1199 90.1199 -0.0528 
FREQUENCY =3058.8 CM-1 
0.0 -0.0238 0.0238 
0.0324 -90.0324 0.0628 
FREQUENCY =2245.9 CM~1 
0.0 -0.0397 0.0397 
-0.1011 0.1011 -0.0301 
FREQUENCY =1288.7 CM-1 
0.0 -0.0654 0.0654 
—-O.5587 £4O.5587;/ 0.2165 
FREQUENCY =1000.9 CM-1 
0.0 0.0174 -0.0174 
0.3148 -0.3148 -0,0441 
FREQUENCY = 784.8 CM-1 
6.0 0.0799 -0.0799 
-0.2710 0.2710 -0.4729 
FREQUENCY = 659.1 CM-1 
0.0 0.0347 -0., 0347 
-0.0585 0.0585 0.0033 
FREQUENCY = 618.2 CM-1 
0.0 0.1803 -0.1803 
0.0624 -0.0624 0.1114 


-0.0502 
0.1205 


-0.5332 
0.0812 


0.0462 
-0.1435 


0.0052 
=0.2905 


-0.0247 
~C,1148 


0.0189 
0.4519 


0.0010 
0.1292 


-0.0007 
0.0742 


0.0497 
-0.0377 


=60'5 53555 
-0.0007 


0.0228 
Oe 15.02 


0.0020 
-0.1968 


0.0055 
0.0311 


-0.0013 
0.4204 


-0.0080 
=O. 1592 


0.7321 0.7321 
-0.C782 -0.0782 
-0.0341 -0.0341 
-0.1906 -0.1906 

0.0084 0.0084 
-0.4810 -0.4810 

0.0227 0.0227 

0.3611 0.3611 

0.0017 0.0017 

0.4168 0.4168 
-0.0047 -0.0047 

0.0218 0.0218 

0.0008 0.0008 

0.0234 0.0234 
-0.0008 -0.0008 

0.0199 0.0199 
—O.7324 0.7324 

0.0084 -0.0054 
=O.0837) 0.0537 
-0.0654 0.0654 

0.0060 -0.0060 
-0.3503 0.3503 

0.0038 -0.0038 
-0.5009 0.5009 
-0.0061 0.0061 
-0.1799 0.1799 
-0.0024 0.0024 
-0.2518 0.2518 
-0.0021 0.0021 

0.0047 -0.0047 


-0.,0502 
0.1205 


=0.5332 
0.0812 


0.0462 
-0.1435 


0.0052 
-0.290S 


-0.0247 
-0.1148 


0.0189 
0.4519 


0.0010 
0.1292 


-0.0007 
0.0742 


-0.0497 
0.0377 


0.5355 
0.0007 


-0.0238 
0.1301 


-0.0020 
0.1968 


-0.0C055 
-0.0311 


0.0013 
-0.4204 


0.0080 
0.1592 


-0.0513 
0.0113 


O.ter3 
-0.0209 


0.8037 
-0.0381 


-0.0462 
-0.0620 


0.0621 
0.0473 


=Ose 59 
0.0012 


0.0291 
0.0396 


-0.0763 
-0.0673 


0.0512 
-0.0296 


0.1053 
-0.0493 


0.7992 
-0.0813 


0.2788 
0.0216 


-90.0480 
0.0993 


-0.10C5 
0.0431 


0.0459 
0.2240 


-0.0513 
60.0113 


0.1273 
-0.0209 


0.8037 
-0.0381 


-0.0462 
-0.0620 


0.0621 
0.0473 


=Oe2093 
0.0012 


0.0291 
0.0396 


-0.0763 
-0.0673 


=O. 0512 
0.90296 


=—0,1053 
0.0493 


=O. 7992 
0.0813 


-0.2788 
-0.0216 


0.0480 
-0.0993 


0.1005 
-0.0431 


-0.0459 
-0.2240 


0.0653 
-0.0227 


0.0329 
0.0419 


=051 592 
0.0762 


-0.1162 
0.1240 


-0.1992 
79.0946 


0.1793 
-0.0024 


~C.4023 
-0.0793 


-0.0528 
0.1346 


-0.0628 
0.0 


0.0301 
0.0 


-0.2165 
0.90 


0.0441 
0.0 


0.4729 
0.0 


-90.0033 
0.0 


—0.1114 
0.0 
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POTENTIAL ENERGY DISTRIBUTIONS FOR C,H,S, C5D,S, cis- 


C,D5H.S AND trans~C.D,H,S AMONG THE DIAGONAL ELEMENTS 


OF THE SYMMETRIZED F MATRIX 


The entries in the following tables for C.H,S and 


C.D,S are listed, under each frequency, in the order 
of the symmetry coordinates listed in Table 6 with the 
exception that certain symmetry coordinates, Sit were 
re-defined to yield the symmetry coordinates, Sit, as 


shown below. 


si = & 1784 HS or S6} (redundant) 
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Appendix III (continued) 


The entries in the tables for cis-C,D,H,S and 
Le See PS are listed, under each frequency, in 
the order of the symmetry coordinates listed in 


Tables 7 and 8, respectively. 


(2) CoH,S 


FREQUENCY =3018.5 CM-i 


0.0073 0.0015 0.9906 0.0000 0.0015 0.00CO 0.0000 6.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
FREQUENCY =1466.0 CM-1 

0.0828 0.0111 0.0032 0.0097 0.7112 0.0022 0.0005 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
FREQUENCY =1107.1 CM-1 : 

0.8862 0.0904 0.0061 0.0002 0.0180 0.0447 0.0054 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
FREQUENCY =1023.5 CM-1 5 

0.0059 0.0150 0.0000 06.0063 0.0345 1.0583 0.0003 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
FREQUENCY = 633.3 CM-1 

0.1296 1.0231 0.0001 ©.0004 0.0364 0.0398 90.0155 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.90 0.0 
FREQUENCY =3109.2 CM-1 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9919 0.0064 

0.0012 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 9.0 
FREQUENCY =1160.2 CM~1 

0.0 0.0 0.0 O.° O.C 0.0 0.0 0.0 0.0080 0.7272 

0.2091 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
FREQUENCY = 890.2 CM-1 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0000 9.2715 

0.7948 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
FREQUENCY =3010.4 CM—-1 

0.0 0.0 0.0 0.0 9.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.90013 0.9971 0.0001 0.0010 0.0000 0.0002 0.0 0.0 e.0 
FREQUENCY =1431.9 CM-1 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.0149 0.0015 0.0090 0.6438 0.0289 0.0028 0.0 0.0 0.0 
FREQUENCY =1060.2 CM-1 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.0041 0.0002 C.0061 0.0854 1.0147 0.0008 0.0 0.0 9.0 
FREQUENCY = €45.9 CM=-1 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 C.0 

0.0 0.8382 0.0012 0.0058 0.0068 0.0374 0.1565 0.0 0.0 6.0 
FREQUENCY =3100.6 CM-1 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.9 0.0 0.0 0.0 0.0 0.0 0.9984 0.0012 0.0903 
FREQUENCY = 947.1 CM-1 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.9 0.0 0.0 0.0 0.0 0.0 0.0014 0.3966 0,5333 
FREQUENCY = 820.5 CM~1 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0002 0.6078 0.4720 
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APPENDIX III (continued) 


FREQUENCY =2210.5 CM-1 


0.0355 0.0067 0.9553 
0.0 9.0 0.0 
FREQUENCY =1186.8 CM-1 
0.5834 0.0648 0.0399 
6.0 0.0 0.0 
FREQUENCY = 949.4 CM-1 
0.23423 0.0205 0.0042 
0.0 0.0 0.0 
FREQUENCY = 764.3 CM-1 
0.0166 0.1951 0.0005 
0.9 0.0 0.0 
FREQUENCY = 610.1 CM-1 
0.1039 0.8543 0.0001 
0.0 0.0 0.0 
FREQUENCY =2333.4 CM-1 
0.0 0.0 0.0 
0.0040 0.0 0.0 
FREQUENCY = 922.0 CM-1 
0.0 0.0 0.0 
©.1798 0.0 0.0 
FREQUENCY = 630.3 CM-1 
0.0 0.0 0.0 
0.8213 0.0 9.0 
FREQUENCY =2184.8 CM-1 
0.0 0.0 0.0 
0.0 0.0052 0.9885 
FREQUENCY =1066.6 CM-1 
0.0 0.0 0.0 
0.0 0.0662 0.0073 
FREQUENCY = &27.9 CM-1 
0.0 0.0 0.0 
0.0 0.0190 0.0006 
FREQUENCY = 607.0 CM-1 
0.0 0.0 0.90 
0.9 0.7680 0.0037 
FREQUENCY =2312.1 CM-1 
0.0 0.0 0.0 
0.0 0.0 0.0 
FREQUENCY = 707.4 CM-1 
0.0 0.0 0.0 
0.0 0.0 0.90 
FREQUENCY = S84.3 CM-1 
0.0 0.0 0.0 
0.0 0.0 0.0 


0.0002 
0.0 


C.0076 
0.90 


0.co01s 
0.0 


0.c073 
0.0 


0.0 
0.0102 


0.0 
0.0058 


0.0 
0.0046 


0.0066 
0.0 


0.3551 
0.0 


0.23530 
0.0 


0.0291 
0.0 


0.90003 
0.0 


0.9081 
0.0 


0.085} 
0.0 


0.9002 
0.0 


0.0036 
0.0 


0.0025 
0.0 


0.0 
0.0124 


0.0 
0.0035 


0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.90 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0-0 0.0 0.90 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.90 0.0 0.0 
0.0 0.9731 0.0216 
0.0 0.0 0.0 
0.0 0.0269 0.7412 
0.0 0.0 0.0 
0.0 0.0001 0.2424 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 
0.90 0.0 0.0 
0.0 0.0 0.0 
0.0 0.0 0.0 


0.0 0.0 0.0 
0.0047 0.4718 0.4543 
0.0 0.0 0.0 
0.0004 0.5300 0.5503 
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APPENDIX III (continued) 


(ii1) cis-C DHS 


eu 


FREQUENCY =3062.1 CM-1 
0.0030 0.0006 0.9920 
0.0 0.0 0.0 

FREQUENCY =2259.1 CM—1 
0.0179 0.0034 0.0025 
0.0 0.0 0.0 

FREQUENCY =1329.1 CM-1 
0.1704 0.0214 0.0017 
0.0 0.0 0.0 

FREQUENCY =1080.0 CM-1 
0.7449 0.0697 0.0032 
0.0 0.0 0.0 

FREQUENCY = 967.5 CM-1 
0.0004 0.0233 0.0000 
0.0 0.0 0.0 

FREQUENCY = 760.2 CM-1 
0.0225 0.0297 0.0005 
0.0 0.0 0.0 

FREQUENCY = €57.6 CM-1 
0.0317 6.4135 0.0000 
0.0 0.0 0.0 

FREQUENCY = 608.2 CM-1 
0.0809 0.5797 0.0000 


0.0 0.0 0.0 
FREQUENCY =3063.7 CM-1 
0.0 0.0 0.0 
0.0 0.0005 0.9896 
FREQUENCY =2257.4 CM-1 
0.0 0.0 0.0 
0.0 0.0026 0.0057 
FREQUENCY =1302.7 CM-1 
0.0 0.0 0.0 
0.0 0.0176 0.0000 
FREQUENCY =1068.1 CM-1 
0.0 0.0 0.0 
0.0 0.0138 0.0018 
FREQUENCY = 917.8 CM-1 
0.0 0.0 0.0 
0.0 0.0034 0.0026 
FREQUENCY = 719.2 CM-1 
0.0 0.0 0.0 
0.0 0.1347 0.0001 
FREQUENCY = 615.8 CM-1 
0.0 0.0 0.0 


0.0 0.6859 0.0003 


0.0039 
0.0 


0.9705 
0.9 


0.0145 
0.0 


0.0075 
0.0 


©.00c9 
0.0 


0.0020 
0.0 


9.0006 
0.0 


0.0000 
0.0 


0.0 
0.0054 


0.0 
¢.9700 


0.0 
0.0122 


0.0 
0.0076 


0.0 
0.0021 


0.0 
0.0003 


0.0 
0.0024 


0.0009 
0.0 


0.0072 
0.0 


0.9741 
0.0 


0.0448 
0.0 


0.1046 
0.0 


0.0252 
0.0 


0.0101 
0.0 


0.0845 
0.0 


0.0 
0.0006 


0.0 
0.0068 


0.0 
0.$695 


0.0 
0.0002 


0.0 
0.3250 


0.0 
0.0020 


0.0 


0.0045 


0.00C2 
0.0 


0.0041 
0.0 


0.2393 
0.0 


0.1592 
0.90 


0.2442 
0.0 


0.1508 
0.0 


0.0788 
0.0 


0.0067 
0.0 


0.0 
0.0003 


0.0 
0.0044 


0.0 
0.3508 


0.0 
0.0634 


0.0 
0.2227 


0.0 
0.1531 


0.0 
0.0255 


0.0008 
0.0 


0.0003 
0.0 


0.0383 
0.0 


0.0012 
0.0 


0.0013 
0.0 


0.8393 
0.0 


0.00CO 
0.0 


0.0021 
0.0 


0.0 
0.0009 


0.0 
0.0005 


0.0 
0.1064 


0.0 
0.0679 


0.0 
0.5048 


0.0 
0.1036 


0.0000 
0.0 


0.0014 
0.0 


0.1082 
0.0 


0.0041 
On 


0.2479 
0.0 


0.0 
0.0080 


0.c003 
0.0 


0.0001 
0.0 


0.0270 
0.0 


0.0074 
0.0 


©.0150 
0.0 


0.0063 
0.0 


0.3234 
0.0 


0.1850 
0.0 


0.0 
0.0016 


0.0 
0.0023 


0.0 
0.0021 


0.0 
0.0367 


0.0 
0.4000 


0.0 
0.0725 


0.0 
0.0090 


0.0000 
0.0 


0.0001 
0.0 


0.0010 
0.c 


0.0049 
0.0 


0.Cc001 
0.0 


0.0012 
0.c 


0.0054 
0.0 


0.0090 
0.0 


0.0 
0.0001 


0.0 
0.0005 


0.0 
0.0033 


0.0 
0.0026 


0.0 
0.0006 


0.0 
0.0251 


0.0 
0.1280 
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APPENDIX III (continued) 


(17) trans-C.D.H5S 


FREQUENCY =3067.0 CM-1 

0.0029 0.0006 0.0047 0.9877 0.0007 0.0009 0.0002 0.0022 0.0009 0.0000 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
FREQUENCY =2270.2 CM-1 

0.0176 0.0033 0.9562 0.0039 0.0083 0.0004 0.0045 0.0018 0.0100 0.0001 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.90 0.0 
FREQUENCY =1338.3 CM-1 

0.1389 0.0170 0.0206 0.0007 0.9521 0.0277 0.2458 0.0163 0.1827 0.0008 
0.0 0.0 0.0 0.0 0.0 0.0 - 0.0 0.0 0.0 0.0 
FREQUENCY =1118.8 CM—1 

0.5313 0.0668 0.0004 0.0071 0.0045 0.0211 0.03?7e& 0.0954 0.1474 0.0031 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
FREQUENCY =1026.1 CM-1 

0.2369 0.0041 0.0101 0.0000 0.0097 0.0738 0.1964 0.0177 0.2335 0.0022 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
FREQUENCY = 876.5 CM-1 

0.0196 0.0371 0.0081 0.0005 0.2311 0.0819 0.42425 0.3762 0.0009 0.0000 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
FREQUENCY = €98.7 CM-1 

0.0391 0.1822 0.0000 0.0000 0.0046 0.6489 0.0680 0.0484 0.0016 0.0033 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
FREQUENCY = 616.7 CM-1 

0.0954 0.8301 0.0000 0.0000 0.0404 0.0143 0.0740 0.0205 0.0015 0.0122 


0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
FREQUENCY =3058.8 CM-1 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0005 0.0046 0.9940 0.0007 0.0008 0.0002 0.0001 0.0000 0.0001 
FREQUENCY =2245.9 CM-1 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0026 0.9856 0.0039 0.0058 0.0004 0.0040 0.90000 0.0008 0.0005 
FREQUENCY =1288.7 CM-1 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0218 0.0059 C.0004 1.0154 0.0553 0.3679 0.0094 0.0682 0.0041 
FREQUENCY =1000.9 CM~1 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0026 0.0001 0.0002 0.2048 0.0038 0.1936 0.0257 0.2312 0.0005 
FREQUENCY = 784.8 CM-1 

0.0 0.90 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0878 0.0008 0.0011 0.0099 0.67106 0.22534 0.0014 0.0485 0.0164 
FREQUENCY = 659.1 CM=1 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0235 0.0001 0.0002 0.0614 0.0000 0.0154 0.3756 0.1347 0.0044 
FREQUENCY = 618.2 CM-1 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 


0.0 0.7196 0.0029 0.0002 0.0146 0.0635 90.0199 0.0612 0.0001 0.1343 
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INFRARED SPECTRA OF GASEOUS C,D,5, cis-C.D,H.S AND trans- 


C5D,H.s 
Preparation and Handling of Samples 

The deuterated forms of ethylene sulphide were 
Supplied by Dr. 0. P. Strausz of this department. The 
C,D,S was prepared by the reaction of the carbonate 


ester of 1,1,2,2-ethylene-d, glycol (prepared by the 


4 
MmethGaeOL ew. Hh Canothers andy Ph. i. Vane Natea,s). 
Amer. Chem. §50C. 552, 314, (1930)) with potassium ehio— 
cyanate (S. cearles and Eo. Ff. Lutz, J. Amer. Chem. Soc.- 
607 3168 ((1958)) — The product was puritited by ~gas— 
fiquid chromatography using a 10 ff. long) 204 tri= 
cresyl phosphate column at 46°C, with a helium flow 
Gate of 60 %ec7min.. Mass spectroscopy of the product 
indicated that it contained 9% or less of C,D.,HS. 

tie Cis ands thalcou,2—c tOcuLer Oethiy enomsul = 
phides were prepared by the photolytic reaction of 
Cis- Of trans-1,2-dideuterioethy lene with carbonyl 
Sulphide in the presence Clrcarben dioxide. The Te- 
action is, with care, stereo-specific (A. Jackson and 
O. P. Strausz, to be published) but varying amounts 
Of the cis-isomer Gxisted as “impurities an the tErans- 


isomer, and vice versa. Except for traces of water 


and carbon dioxide in some samples, no other impurities 
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Appendixe1ly. (continued) 
were detected. 

The infrared spectra were recorded by D. A. Othen 
of this laboratory on a Beckman IR-12 spectrophotometer, 
operated at a resolution of about 1 a The gases 
were contained in a 9.5 cm. long Pyrex microcell which 
was fitted with cesium iodide windows and a standard 
taper, greaseless Teflon stop-cock. The pressure of 
gas within the cell was not known accurately but was 


probably between 10 and 60 Torr in all cases. 
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Appendix IV (continued) 
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Infrared spectrum of gaseous C,D,S at +25". The curves 


labelled A show the spectrum of one sample; those label- 


led B show the spectrum of a second sample. The fre- 
quency scale is the same for all spectra below 2000 cmt, 
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Appendix IV (continued) 
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Infrared spectrum of gaseous cis-C,D.,H.S Ween ia Oe 28 tN 


curves show the spectrum of a single sample. The features 


labelled T arise from trans~-C.D.,H,S which was present as 


an impurity. 
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Infrared spectrum of gaseous trans-C.D,H,S ate +25°¢6.) The 
bottom curves in the upper three boxes show the spectrum 
of one sample and the other curves show the spectrum of 


a second sample. The features labelled C arise from cis- 


C,D,H,S which was present as an impurity. 
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